CO 

a I 

oj  % 
© < 
CD  < 


l LxJ 


' 1 " | i 
%,•  ^i,'  - V 

siaa  i &Ls 


AGARD-CP-237 


’A 

5A 


t: 


D 


\ c: 


'c. 


ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  & DEVELOPMENT 


7 RUE  ANCELLE  92200  NEUILLY  SUR  SEINE  FRANCE 


AGARD  CONFERENCE  PROCEEDINGS  No.  237 

Seal  Technology  in  Gas  Turbine  Engines 


D D C 

EfSEnaoii 

OCT  25  1978 


DISTRIBUTION  STATEMENT  A 
A -ved  for  public  release} 
Distribution  Unlimited 


mnsiMJ 


NORTH  ATLANTIC  TREATY  ORGANIZATION 


DISTRIBUTION  AND  AVAILABILITY 
ON  BACK  COVER 


*7  ft 


i r\ 


9 A 


AGARD-CP-237 


NORTH  ATLANTIC  TREATY  ORGANIZATION 
ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  AND  DEVELOPMENT 
(ORGANISATION  DU  TRAITE  DE  L’ATLANTIQUE  NORD) 


D D C 

CDEIEZZEf 


THE  MISSION  OF  AGARD 


The  million  of  AGARD  ii  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 

- Exchanging  of  scientific  and  technical  information; 

- Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture; 

- Improving  the  cooperation  among  member  nations  in  aerospace  research  and  development; 

- Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 

- Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  with  research  and  development  problems  in  the  aerospace  field; 

~ Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

- Recommending  effective  ways  for  the  member  nations  to  uae  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 
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PREFACE 


This  meeting  was  one  of  a series  in  the  gas  turbine  engine  field  sponsored  and  arranged 
by  the  Propulsion  and  Energetics  Panel  of  AGARD  to  stimulate  discussion  and  information 
tranafer  between  specialists. 

The  purpose  of  the  meeting  was  to  provide  a forum  to  discuss  technology  of  gas  turbine 
engine  seals.  The  discussion  waa  limited  to  cases  where  relative  motion  exists  between  parts 
of  the  seals.  Both  gas  path  and  oil  path  seals  were  covered. 

The  initial  presentation  waa  a comprehensive  survey  showing  the  effect  of  engine 
operation  on  seal  performance  and  the  effect  of  seal  performance  on  engine  performance. 
This  survey  was  followed  by  presentations  on  new  developments  in  material  technology  that 
influences  seal  design  and  operation.  The  user’s  view  of  seats  focussed  on  operational  perfor- 
mance, its  impact  on  airline  operations,  maintainability  of  seals  including  repair  techniques, 
and  maintenance  costs. 

Engine  producers  contributed  discussions  based  on  their  experience  in  the  development 
of  seals  for  large  and  small  engines. 

The  program  included  presentations  upon  laboratory  measurements  and  other  investiga- 
tions of  seal  behaviour  as  well  as  the  development  of  suitable  teat  facilities. 

Methods  of  design  and  performance  computations  were  presented  and  applied  to  some 
particular  seal  configurations. 


Cette  reunion  faisait  purtle  d'une  sArie  consacrAe  au  domains  des  turbines  A gaz  et  Atait 
organise  sous  l’egide  du  Panel  EnorgAtiquc  et  Propulsion  de  1’ AGARD,  dans  le  but  d’encourager 
lei  discussions  et  les  Achanges  d’informations  entre  spAcialistes  de  cette  discipline. 

Elie  avait  pour  objet  de  constituer  un  forum  ou  fut  A tudiAe  la  technologic  des  joints  de 
turbines  A gaz.  L’Atude  hit  limitAe  aux  cas  oil  intervient  un  mouvement  relatif  entre  lea  diverse* 
partie  des  joint*,  et  couvrit  A la  foil  lei  circuits  de  gaz  et  les  circuits  d’huile. 

Au  cours  du  premier  exposA,  il  fut  procAdA  A un  tour  d'horizon  exhaustif  des  effets  du 
fonctionnement  du  moteur  sur  les  performances  des  joints,  et  rAciproquement.  Les 
communications  suivantes  furent  consacrAes  aux  dAveloppements  rAcenti  en  matlAre  de 
technologic  des  matAriaux  et  A leur  impact  tur  la  conception  et  le  fonctionnement  des  joints. 

Le  point  de  vue  de  I'utsger  Alt  essentiellement  centre  sur  les  performances  opArationnellcs, 
leur  influence  sur  (’exploitation  des  lignes  sAriennes,  la  maintenabilitA  des  joints,  y compris  ies 
techniques  de  lAparstion,  et  les  coCits  de  maintenance. 

Le*  motoristes  rendirent  compte  de  leur  expArionce  dans  le  domaine  du  dAveloppement 
de*  joints  pour  moteurs  de  petitei  et  de  grandes  dimensions. 

Le  programme  oomprit  Agalement  des  exposAi  sur  let  mesuret  en  laborstoire  et  autres 
recherche*  sur  le  comportement  des  joints,  ainsi  que  sur  le  dAveloppament  d’lnatallationi 
d'enals  adAquate*.  Les  mAthodes  de  conception  et  de  ealeu!  dea  performances  Airent  Agalement 
prAsentAes,  et  appliquAes  A certaines  configurations  particuliAres  de  joints. 
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B.  Wriglay  j 

CONCLUSIONS 

• In- Mrvlc*  performance  deterioration  la  a sarloua  problem  for  Commercial  Oparatora  and  Air  Boreas,  * 

particularly  In  vlaw  of  tha  developing  fual  situation. 

a Saal  waar  la  a major  factor  In  parfonaanca  datarloratlon  and  there  la  tharafora  a algnlflcant  j 

financial  lncantlva  to  inprove  sealing  technology. 

a Uaaful  raaaarch  la  in  prograaa  particularly  for  advancad  aaal  daalgn,  but  in  tha  flald  of  rubbing  | 

and  aroalon  raaaarch  baa  baan  lnauff lclantly  systematic  and  haa  ganarally  had  to  wait  for  tha 
initiative  given  by  aarvlca  problam*. 

a Uaaful  maaaureaant  taohniquaa  already  aglet. 

a The  confaranca  war  dearly  nacaaaary,  In  fact  over- due.  Tha  quality  of  paper*  and  participation 

waa  of  a high  standard.  Tha  general  awareness  of  tha  problems  and  tha  ralavanca  of  tha  paper  a 
la  In  itaelf  remarkable . [ 

RECOMMENDATIONS 

a Blade  tip  and  labyrinth  aaal  rubbing  phenomena  need  further  atudy.  j 

a Engine  demonstration  of  advancad  aaallng  concapta  ahould  be  ancouragad.  j 

a ta levant  boat  tranafar  phenomena  ahould  be  incorporated  In  future  dlacuaalon.  | 

a Haa aur ament  tachnlquaa  need  to  be  Improved)  further.  j 

a Eaaourcaa  ahould  be  provided  to  deal  with  tha  above  recommendation*.  j, 

J 

It  ahould  ba  noted  that  In  thla  flald  the  raaoureaa  that  need  to  ba  coaaaltted  ara  much  amaller  than  j 

In,  for  example, the  primary  turbomachinary  field*. 

a Sealing  daalgn  muat  ba  Integrated  Into  tha  angina  mechanical  daalgn  and  conponont  aerodynamic 

daalgn  procaaaaa. 

a A follow-on  activity  of  PUP  Working  Group  08  which  had  dealt  with  engine  deterioration  in  Air  Force  Service,  it  deemed 
neceeeary.  It  ahould  be  invited  to  provide  data  on  tha  influence  of  sealing  a*  experienced  by  military  uaera. 

a Solution!  auat  ba  developed  for  existing  anginas  and  their  derivatives,  aa  thaaa  anginas  will  i 

consume  most  of  tha  fual  up  to  the  and  of  tha  century.  j 
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by 

B.  Wrlgley 


1 . INTRODUCTION 

Tha  Slit  Mating  of  tha  Propulsion  and  Inargatlca  Fanal  on  Sail  Tachnology  in  Gai  Turbina  Enginaa 
was  ha  Id  at  Church  Houia,  Westminister,  England  on  6th  and  7th  April  1973.  The  Mating  was  arranged 
Ondar  flva  main  haadlngai 

• material  technology,  particularly  as  applied  to  main  flow  path  blada  tip  teals. 

• user's  view  of  seal  tachnology. 

• measurements  of  sea)  behaviour, 

a laboratory  experiments. 

a daslgn  aids. 

Tha  masting  waa  held  In  four  saasions,  tha  last  one  incorporating  a round  table  discussion. 

The  prasantatlons  ware  relevant,  tlMly  and  wall  received,  covering  both  aircraft  and  industrial 
gat  turbines. 

Wide  ranging  comment  Indicated  tha  value  of  tha  meeting  and  suggested  the  need  for  a continuing 
commitMnt  In  thla  field. 


2.  SUNNARY 

There  are  two  major  Issues  forcing  the  pace  of  sealing  technology i 

a the  quest  for  Improved  engine  efficiency,  in  a period  of  rlalng  fuel  prices. 

e poor  In- service  reliability  of  seals  and  angina  performance  deterioration  In  the  most  recant 
generation  of  subsonic  jet  engines, 

Tha  masting  also  Identified  the  following  itsuati- 

e A significant  factor  In  performance  deterioration  Is  the  Increased  clearance  and  aerofoil 
distortion  caused  by  abrasion  and  erosion, 

a The  Influence  of  thermal  and  Mchanlcal  forcae  on  seal  clearances. 

These  forces  arh  usually  of  a transient  nature. 

Suitable  techniques  for  Manuring  these  effects  were  described. 

e Currant  high  bypass  ratio  engine  designs  have  included  features  detrlMntal  to  achieving  low 

seal  leakage. 

e A wide  range  of  experiments  has  shown  the  potential  of  advanced  sealing  techniques  for  leakage 
reduction  but  this  work  has  not  yet  been  taken  through  to  engine  demonstration  to  any  substantial 
extent,  nor  has  the  wear  characteristic  of  such  seals  been  adequately  established. 


3.  RtCOMMNDATlQMS 

e Further  study  is  raqulra,d  on  blada  tip  and  labyrinth  saal  rubbing  phenomena  and  should  Include 

fully  representative  experimental  work  and  tha  development  of  theoretical  understanding.  Consider- 
ation should  be  given  to  establishing  mors  formal  relationships  with  machining  research. 

a Seel  design  should  bs  thoroughly  lntagrated  Into  the  angina  dusign  process.  Tbs  mechanical  designer 
must  ensure  from  the  preliminary  design  phase  onwards  that  the  engine  Is  structurally  and  thermally 
beneficial  to  good  saal  daslgn.  The  asrodyn amidst  must  Integrate  sealing  quality  Into  his  Judgement* 
concerning  direction  of  raaaarch  and  angina  design. 

a Opportunity  ehould  be  provided  for  the  demonstration  of  advanced  (eels  In  representative  engines) 
sufficient  confidence  will  only  be  established  In  euch  seale  If  reliability  and  Integrity  can  bs 
daamnatratad. 

• User  experience  rapreiantad  In  tha  conference  was  mainly  that  of  a major  US  trunk  operator.  Further 
Information  la  rsqulrid,  reflecting  other  geographical  locations,  smaller  operators,  industrial  usar* 
and  particularly  from  military  services.  Referring  to  the  successful  work  of  PEP  Working  Group  03  which  dealt  with  Aero  Engine 
Deterioration  In  Air  Force  Service,  a follow-on  activity  rhoukl  be  Invited  to  report  on  experience  with  seals  by  military  uaers. 
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• Compressor  and  turbine  aarodynomlclets  thou Id  work  towards  a batter  understanding  of  clearance 
sensitivity. 

be  commercial  field  present  anginas  aid  derivatives  of  these  engines  will  account  for  nearly 
civ  ->tal  lu*1  coneunptton  up  to  2000  ad  (Raf.B.).  Research  should,  be  directed  therefore  to 
l^i.c/lng  the  present  engines  and  not  Just  the  to-callad  E3  engines*  which  nay  not  enter  service 

until  after  1990.  | 

a Further  discussion  on  associated  heat  transfer  phenomena  should  ba  organised.  Future  engine  J 

Improvements  will  depend  greatly  on  tuning  tha  heat  transfer  process  to  reduce  clearance.  V 

4.  DISCUSSION  | 

The  papers  have  bean  slightly  regrouped,  to  allow  development  of  the  different  subjects  starting  . 

i 

i 

« 

1 


the  effect  of  rising  fual  price  on  the  significance  of  the  t 

high  overall  pressure  ratios  was  cited  as  tha  significant 

sensitive  to  scaling  standard.  Largs  values  for  in- service  s 

references  being  given  for  comarclal.  and  military  operation. 

these  theme*,  partlculsrly  emphasising  the  angina  euppllara'  ; 

rasponslblllty  to  ensure  tbs  operator  gets  a good  return  on  Investment.  Fual  consumption  was  tha  largest  ; 

factor  in  DOG  and  datarioration  of  specific  fual  consumption  therefore  particularly  critical,  both  for  ! 

Its  direct  affect  and  tha  consequences  on  shop  loading  and  overhaul  costa  of  trying  to  maintain  tha  fleet 
at  tha  beat  average  level  of  performance.  Primary  gas  flow  path  sealing  was  ths  major  source  of  perfor- 
mance deterioration,  although  secondary  flow  system  sealing  could  not  ba  Ignored.  Primary  flow  path 

deteriorations  vara  caused  by  tip  abrasion  (unabroudad  HP  turbine  blades)  and  axcesalve  erosion  of  static  ( 

shroud*.  Hear  of  bearing  chamber  carbon  face  seals  war*  associated  with  high  taqperaturaa  and  long  time  I 

between  overhauls.  Tha  need  for  closer  control  of  oil  cooling  of  tha  rubbing  elements  was  Identified  to  < 

prevent  tha  coking  which  of tan  occurs  at  long  llvas.  Tha  financial  Incentive  for  Improvement  of  sealing 

technology  was  stated  to  b*  tha  currant  cost  to  tha  oparatos  arising  from  sasllng  problems  a.g.  for  a 

large  US  oparatort  Jll4te  annually.  Tha  'Sealing'  coat  night  eventually  reach  701  of  the  angina  malnta-  j 

nines  bill.  An  appropriat*  economic  cllmata  therefore  exists  In  which  to  promote  tha  nacaaaary  research, 

design  and  dava lopman effort.  J 


from  the  views  axprasaad  by  u/.a;:s. 


4.1  USERS  VIEW  OF  SEAL  TECHNOLOGY 

Paper  No. 1 by  L.F.  Ludwig  Identified 
fual  term  In  D00.  Recent  development  to 
factor  In  causing  ga*  turbines  to  b*  more 
performance  deterioration  war*  described, 

Paper  No. 5 by  C.R.  Smith  enlarged  on 


/ 
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4.2  SEAL  MANUFACTURE,  RUBBING  AND  EROSION 

Tha  significant  causa*  of  parformanca  deterioration  Identified  In  4.1  ar*  categorised  In  paper  No.l 
by  L.F.  Ludwig,  which  surveyed  the  available  aaal  lining  materials  and  that*  limitations  particularly  with 
respect  to  environmental  temperature  and  rub  analgy.  Blade  tip*  and  labyrinth  aaal  knlvaa  have  required 
abradable  static  liners.  Choice  of  llnar  has  usually  bean  an  uncarealn  process  not  helped  by  ignorance 
of  penetration  rata.  Tha  balance  between  good  abradability  and  arotion  of  tbs  llnar  has  bean  difficult 
to  achlavm.  A clna-fllm  Illustrated  abort  and  repeated  hot  rub*,  a similar  phenomenon  being  described 
In  raf.A  with  low  rub  penetration  rates.  Greater  certainty  was  Indicated  for  tha  coating  of  a drum 
rotor,  usually  a hard  oxlda  abraalv*.  Tha  potential  benefit!  of  ceramic  or  caramlc/matal  shrouds  for 
HP  turbine  blade  tip*  was  Indicated,  furthar  research  being  required  owing  to  tha  very  high  local  hast 
transfer  coefficient*  present. 

Paper  No. 2 by  J.G.  Ferguson  described  tasting  technique*  of  differing  sophistication  for  abradabla 
linings.  Tha  debris  removal  machanlam  was  cited  a*  a possible  causa  of  discrepancy  between  rubbing  tests, 
highlighting  the  requirement  for  truly  representative  testing  Including  airflow.  Method  of  application 
as  well  as  the  composition  of  tha  abradable  lining  have  been  significant  factors  In  determining  quality. 
Experimental  techniques  for  tasting  sbradeblss  have  not  allowed  confident  selection  of  material  for  engine 
seals.  A.R.  Stetson  In  Paper  No. 3 dealt  specifically  with  compressor  van*  tip  abrasion.  Tha  value  of 
an  extremely  sharp  abrasive  In  minimising  van*  natal  loss,  tip  distortion  and  ca^aratura  wa*  clearly 
established.  By  Implication  Increase  of  clearance  above  the  pre-detetnlned  penetration  vss  also  minimised. 
Plasma  spraying  wee  shown  to  reduce  ths  abrasiveness  seriously  and  It  ves  necessary  to  uaa  a low  t**q>erature 
bond  to  avoid  this.  The  coating  could  be  eeelly  sprayed  to  slse  and  required  curing.  It  was  cleared 
for  use  at  up  to  700°K. 


Another  manufacturing  technique,  for  en  abradable  felt,  wee  described  in  Piper  No. 4 by  A.  HI  vert . Aa 
with  the  abraelve  materiel  of  the  previous  paper  low  thermal  conductivity  was  a characteristic.  Tha 
manufacturing  process  for  tha  fibres  and  the  moulding  technique  for  the  felt  were  described.  A soluble 
bond  for  easier  repair  wet  available  for  temperatures  up  to  611°K.  Erasing  was  necessary  at  higher 
temperatures. 

Tha  lack  of  consistency  between  rig  and  engine  teats  of  abradable  tip  seels  noted  by  J.G.  Ferguson 
1*  also  brought  out  in  Paper  No. 14  by  G.H.  Elrod.  In  order  to  tacklo  this  deficiency  an  anglno  represent- 

ative rig  has  been  designed  end  it  currently  being  commissioned.  A specific  feature  of  testing  will  cover 
titanium  Ignition  phsnomsna.  ccx^lemantary  tasting  with  laser  Ignition  of  rsprssentatlvs  titanium  alloy 
a maples  was  described.  The  effect  of  sir  velocity,  pressure  end  temperature  on  burning  rats  and  propag- 
ation to  other  'aerofoils'  mss  examined.  riras  could  bo  extinguished  by  e high  concentration  of  Argon. 
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4.3  ADVANCED  SEALS  AMD  LABORATORY  EXFERIMNTS 


I 

i 


The  Introductory  survey  by  L.P.  Ludwig  described  tha  us*  of  sliding  fscs  sssls  for  bearing  chamber 
ssallng  in  a high  y re  a aura  environment.  An  example  shoving  substantial  SFC  improvement  compared  with 
labyrinth  seels  was  given. 

Paper  No. 11  presented  by  E.  to 11 ins  described  a range  of  tests  undertaken  on  small,  low  rubbing 
speed,  hydraulic  face  seals.  Data  were  presented  which  showed  the  affect  of  rotational  apead  on  pumping 
between  tha  sliding  contact  faces.  (Tha  cooling  flow  rates  appear  to  be  generous  for  tha  slag  of  seal 
and  similar  values  for  oil  as  tha  cooling  medium  could  present  difficulties  with  oil  feed  and  scavenge 
In  stull  gas  turbines).  An  approach  to  tha  design  of  such  a seal  Is  provided  by  Dr  B.8.  Nau  In  Paper 
No. 19.  The  Interlace  loading  In  the  gap  between  the  sliding  surfaces  Is  considered  and  a computational 
model  presented  which  allows  for  cavitation  in  tha  interface.  Whan  progrma  tasting  Is  coopleta  correl- 
ation with  tha  results  of  Paper  No. 11  should  be  consldarsd. 

L.P.  Ludwig's  second  paper  (No. 16)  showed  that  sons  Important  aspects  of  gas  turbine  secondary  flow 
system  leakage  can  be  tackled  with  a fair  chance  of  suocase.  The  examination  provided  for  pneumatic 
self-acting  seals,  showed  that  high  enough  values  of  pressure,  rubbing  speed,  face  run-out  end  temperature 
have  already  been  damonstratod  to  allow  consideration  for  arduous  gas  turbine  application.  Furthermore 
heat  generation  waa  ouch  leas  than  conventional  carbon  contact  seal*.  Methods  for  dealing  with  steady 
and  dynamic  (seal  face  runout)  situationa  ware  described  and  performance  end  wear  characteristics  In  tests 
up  to  300  hours  duration  were  discussed.  With  further  effort  to  prove  reliability  and  In  particular  low 

wear  rates  over  a long  period,  It  should  be  possible  to  provide  e feasible  alternative  to  the  present 
methods  of  ssallng  bearing  chambers  In  high  pressure  environments. 

Paper  No. 17  by  Professor  D.  Dini  again  identified  tha  advantages  of  the  self-acting  pneumatic  seal 
as  one  of  a range  of  advanced  saal  types  proposed  for  modern  high  performance  gat  turbines.  Inexpensive 
laboratory  testing  but  at  engine  representative  conditions  has  shown  the  low  leakage  potential  but  with 
some  variations,  which  may  be  due  to  unanticipated  local  dletortlone.  The  paper  showed  the  need  to 
understand  accurately  the  force  mechanisms  In  such  seals,  if  consistency  and  long  Ufa  are  to  be  achieved. 
An  oil  (linger  seal  waa  mantlonad,  which  waa  also  covered  by  D.O.  Whitlock  In  Paper  No. 7.  This  type  of 
saal  la  quite  positive  and  has  no  rubbing  parts. 

Paper  No. 13  by  H.L.  Stocker  considered  performance  development  of  labyrinth  seal*.  Results  wars 
presented  which  showed  gains  from  refinement  of  seal  knife  configuration  and  the  affect  of  the  material 
end  construction  of  the  static  number . At  0.31  mm  clastance  and  seel  pressure  ratio  of  2.0  (conditions 

for  which  stepped  tesla  are  generally  considered),  a leakage  flow  range  of  greater  than  2il  wee  Indicated 
for  the  full  range  of  seal*  tested. 

At  the  larger  clearances  tha  value  of  a honeycomb  lining  on  a straight-through  saal, end  knife  In- 
clination for  a stepped  seal  was  highlighted.  Tha  data  ara  particularly  important  for  demonstrating  tha 
affact  of  rotation.  It  is  clear  that  tha  angina  daslgnar  has  bean  provided  with  good  labyrinth  saal 
performance  date,  from  which  seal  configurations  can  ba  salactad,  providing  of  courss  consideration  for 
tha  machanlcal  and  rubbing  behaviour  is  given. 

Integrity  rather  than  angina  performance  waa  tha  motivation  of  tha  remaining  two  papers  In  this 
section.  T.  toyman  in  paper  No. 8 presented  data  relevant  to  bearing  chambere  sealed  by  low  pressure 
drop  labyrinthi.  Nora  accurate  prediction  of  tha  failure  point,  daflnsd  by  oil  leaking  from  the  bearing 
chamber  through  tha  labyrinth,  ahould  ba  possible  from  the  relationship  established  between  oil  outward 
diffusion  rata  end  inward  airflow.  H.  Benckart  In  Paper  No >9  described  the  theoretical  and  experimental 
examination  of  tha  pneumatic  forces  present  with  swirling  flow  through  a labyrinth.  For  machines  oper- 
ating with  high  density  flow  tha  forces  can  bo  significant.  Further  work  Is  In  progress  covering 
changos  to  the  labyrinth  proportions. 


( 


4.4  SYSTEM  DESIGN  AND  MEASUREMENT  TECHUQUKS 

Integration  of  bearing  chamber  eeale  into  tha  design  of  the  oil  system,  with  particular  reference  to 
venting  and  scavenging  arrangements,  was  described  in  paper  No. 7 by  D.O.  Whitlock.  Saal  performance  waa 
described  and  assaassd  agsinat  tha  background  of  system  integrity.  Designs  ranged  from  labyrinth  sealed 
chambers  of  varying  degree*  of  sophistication,  to  carbon  face  seals  and  positive  hydraulic  seals  using 
tha  strong  centrifugal  fields  present.  Principle*  and  criteria  for  chamber  design,  of  value  to  tha  angina 
daslgnar,  ware  established. 

D.A.  Campbell  In  Paper  No. 18  presented  an  approach  to  the  design  of  disc  seeling  and  cooling  systems, 
an  Important  topic  owing  to  tha  large  disc  entrained  air  flows  on  present  and  future  high  rim  speed  disos. 
Minimising  tha  cooling  air  supplied  to  disc  cavities  Is  dependant  on  associated  seal  performance.  It  is 
Important  In  tha  design  of  these  systems  that  secondary  flows  ara  not  reduced  at  the  expense  of  disc 
integrity.  A benefit  of  0.31  SFC  waa  quoted  for  helving  disc  sealing  flows  on  a large  transport  angina. 

F.I.A.  Stewart  and  K.A.  Braanstt  in  Paper  No. 10  on  X-ray  measurement  techniques  described  a powerful 
diagnostic  tool,  which  doss  not  require  npeclal  angina  preparation  other  then  Installation  In  a medically 
safe  test  bad.  Transient  surveys  have  generally  been  made  to  define  the  timing  for  Instantaneous  X-rsy 
photographs,  of  high  accuracy  for  a wide  range  of  metal  thicknesses.  Complementary  methods,  which  can 
provide  continuous  output  of  clearance  but  which  require  an  angina  to  be  specially  lnstruamntsd  , ware 
described  In  Paper  Mo. 12  by  C.I.  Amsbury  and  J.W.H.  Chtvers.  The  value  of  the  existing  techniques  In 
understanding  seel  clearance  behaviour  was  strassad.  Even  so  tha  need  for  further  development  of  measure- 
ment techniques  waa  Indicated. 
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5.  ROUND  TABLE  DISCUSSION 


Maobersi  Mr  A.J.B.  Jackson  (Moderator),  UK 
Ing  Gan  A.  Joumsau,  France 
Mr  L.P.  Ludwig,  U.S.A. 

Prof  F.  Ware It,  Germany 
Mr  B.  Wrigley,  UK 

Each  of  the  member*  gave  their  comment*  after  which  there  waa  general  diecuaiion. 

Several  speaker*  emphasised  the  need  to  incraaae  re  at arch  and  development  activity.  In  no  way  waa 

the  effort  thought  to  be  equivalent  to  that  in  tha  primary  turbo  machinery  area*,  particularly  when  allow- 
ance waa  made  for  the  poaaible  return  on  investment.  F.  Mahler  drew  attention  to  the  incrtaeed  depend- 
ence on  good  sealing  of  tha  future  energy  efficient  engine ■ and  suggested  that  component  aerodynamic 
design  could  be  dictated  by  sealing  technology. 

Attention  was  also  drawn  to  tha  necessity  for  engine  designs  which  maintain  roundneas  and  concent- 
ricity. It  was  suggested  that  positive  avidanca  was  available  from  the  most  recent  large  subsonic  trans- 
port anginas,  that  attantlon,  particularly  in  the  conceptual  phase  of  design,  to  rotor  and  casing  rigidity, 
will  substantially  reduce  in-aervice  deterioration  rate. 

Tha  importance  of  good  measurement  techniques  was  again  emphasised.  Although  tha  terms  of  reference 
of  the  conference  ware  limited  to  seals  with  relative  movement,  some  speakers  used  this  discussion  to 
Identify  leakage  potential  between  adjacent  stationary  parts.  The  value  of  tha  conference  was  stressed 
as  was  the  need  for  further  meetings, 

In  his  resume  Mr  Jackson  again  emphasised  the  powerful  incentive  for  advancing  sealing  technology. 

Us  thought  that  the  technology  waa  considerably  behind  turbomachinery  and  posed  a question  for  operators, 
Taking  the  analogy  of  hot  end  life  extension  by  adopting  'flexible*  thrust  ratings,  were  there  operating 
techniques  which  would  extend  seal  lives? 


6.  CONCLUSIONS 

e In-service  performance  deterioration  is  serious  in  its  direct  financial  impact  and  alto  due  to 
its  effect  on  the  maintenance  and  repair  burden. 

e Seal  deterioration,  particularly  in  the  primary  flowpath,  contributes  substantially  to  the 

performance  deterioration.  Although  the  majority  of  fresh  evidence  was  from  commercial  operation, 
it  it  wall  known  that  the  Air  Forces  suffer  similar  problems. 

* Although  much  research  in  this  field  is  in  hand,  the  commitment  of  resources  and  money  is  not 
cosssenaurate  with  either  tha  need  to  fix  current  engines  or  tha  potential  return  in  future  energy 
efficient  engines.  It  appears  from  an  assessment  of  the  papers,  against  the  background  of  service 
problems,  that  tha  majority  of  the  currant  research  work  is  of  a 'fire-fighting'  nature.  This 
stems  to  apply  particularly  in  the  fields  of  rubbing  and  erosion,  where  only  slowly  is  a systematic 
campaign,  aimed  at  providing  a sound  baa*  for  future  designs,  being  mounted. 

e An  abraalva  coating  ehould  be  fiercely  abrailva  to  minimise  wear  beyond  the  "unetratlon  depth  end 
to  minimise  hast  generation.  Such  ooatlngs  era  feasible • Plasma  spraying  aerloualy  raducaa 
abrasive nass. 

e The  relationship  between  labyrinth  seal  flow  resistance  and  clsaranca  and  lining  matarlal,  has  been 
established  for  a range  of  labyrinth  configurations.  However  there  is  scope  for  further  correlation 
of  existing  test  data. 

e Seeling  problems  generally  require  tn  understanding  of  clsaranca  variation  and  measurement  techniques 
are  vital.  Useful  techniques,  including  X-ray  measurements,  have  been  described  but  the  need  for 
■such  more  coapact  probes,  which  con  provide  a continuous  signal,  was  identified. 

* It  eppaera  that  there  is  considerable  variation  of  opinion  regarding  the  sensitivity  of  coapressor 
efficiency  to  tip  clearance. 

a Different  engine  companies  adopt  a traditional,  perhaps  even  reactionary  approach  to  bearing  chamber 
sealing.  This  caution  is  e consequence  of  the  necessity  for  extremely  high  standards  of  integrity 
in  this  context  end  the  failure  to  provide  engine  demonstration  of  sltsrnstiv*  approaches.  The 
NASA  work  on  pneumatic  salf-actlng  saala  la  encouraging,  particularly  for  high  pressure  environments, 
and  haa  the  potential  for  overcoming  earns  of  th*  draw-back*  of  currant  low  leakage  seel*. 

* Hast  transfer  phenomena  associated  with  claaranca  control  waa  not  covered  adequately.  The  following 
area*  are  clearly  Important  i- 

e thermal  response  ojt  rotating  discs 

e casing  thermal  response,  particularly  the  heat  transfer  mechanism  ovsr  blade  tips 
a heat  distribution  during  e rub 
e local  affects  In  labyrinth  seals 

e Future  energy  efficient  engines  are  likely  to  prove  mors  dsstendlng  with  rsspect  to  th*  standard 
of  sealing  required. 
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GAS  PATH  SEAliNQ  IN  TURBINE  ENGINES 

by 

Lawrence  P.  Ludwig 

National  Aeronautic!  and  Space  Administration 
Lewis  He  search  Center 
Cleveland,  Ohio  44135 


SUMMARY 

A survey  of  gas  path  seals  is  presented  with  partic'ilar  attention  given  to  sealing  clear  an  oe  effects  on  engine 
oomponant  efficiency.  The  effects  on  compressor  pressure  ratio  and  stall  margin  are  pointed  out.  Various  case- 
rotor  relative  displacements,  which  affect  gas  path  seal  clearances,  are  identified.  Foroes  produoed  by  nonuniform 
sealing  clearances  rnd  their  effect  on  rotor  stability  are  discussed  qualitatively,  and  reoent  work  on  turblne-blade- 
tlp  sealing  for  high  temperatures  is  described.  The  need  for  active  clearance  oontrol  and  for  engine  structural 
analysis  is  discussed.  The  functions  of  the  internal-flow  aystem  and  its  seals  are  reviewed. 

1.  INTRODUCTION  ) 

I 

Aircraft  gaa  turbine  engines  have  many  sealing  locations:  along  the  shaft,  over  rotor  blade  tips,  and  between  J 

stages.  A large  engine  may  have  over  50  <FJg.  1),  and  the  cumulative  effect  of  leakage  on  engine  power,  thrust,  and  j 

aircraft  rouge  can  be  significant.  Reference  1 characterises  gas  path  sealing  as  a fundamental  and  continuing  prob-  J 

lam,  whloh  woraens  as  gaa  turbine  engioas  advance  to  higher  cycle  pressure!  and  temperatures.  Of  particular  in-  ’’ 

terest  is  the  offset  of  ssaling  on  engine  efficiency,  which  has  taken  on  added  interest  because  of  the  pending  petroleum  ! 

scarcity  and  attendant  higher  prloea. 

The  airline  Industry  in  the  United  States  consumes  only  10%  of  the  total  petroleum  demand  in  the  United  States, 

By  1965  consumption  may  reach  15%  (Fig.  2 from  Ref,  2),  but  fuel  cost  may  markedly  impact  the  aircraft  industry. 

Referenoe  3 emphasises  the  need  for  low  fuel  consumption  now  and  in  the  near  future  beccuve  of  fuel  prioes,  with 
fuel  reaching  53. 5%  of  the  direct  operating  oast  (DOC)  when  the  price  is  50  cents  per  gallon  (see  Table  I).  In  the  long 
term,  when  demand  for  oU  exceeds  productive  capacity  (Ref.  4),  a sharp  prioe  Increase  is  anticipated  by  some  (see 
Fig.  3).  In  general,  anticipated  fuel  scarcity  and  prices  mean  that  new  engines,  in  addition  to  the  four  basic  require- 
ments of  reliability,  durability,  low  maintenance,  and  increased  power,  mud  also  be  fuel  efficient. 

1 

Referenoe  5 gives  additional  Information  on  the  relative  impact  of  various  parameters  on  DOC  and  this  la  shown  1 

in  Fig.  4,  whloh  reveals  that  DOC  la  much  more  sensitive  to  abates  in  ^leoific  fuel  consumption  (SI  C)  than  angina 
weight.  Increased  fuel  scarcity  and  prioes  also  foous  attention  on  engine  performance  deterioration,  whloh  for  high 
pressure  ratio  engines  is  due  mainly  to  the  opening  up  of  sealing  clearances  by  erosion  and  wear. 

Engines  of  the  1660  design  era  operate  at  relatively  low  pressure  ratios,  and  olearanoes  over  tie  blade  tips  were 
large  enough  to  avoid  rubbing.  Modem  engines  have  pressure  ratios  in  the  range  of  26:1,  and  to  preserve  efficiency 
tho  sealing  olearanoes  were  reduoed.  These  smaller  olearanoes  made  rubbing  oontaot  at  sealing  lo  oat  ions  inevitable 
and  brought  about  the  Introduction  of  "abradable"  materials,  which  are  designed  to  wear  saor  If  totally. 


Abradable  material,*,  which  can  solve  only  part  of  the  sealing  clearance  problem,  have  not  been  fully  suooesaful 
beoauee  of  the  erosion  and  wear  of  blades.  Evldsaoe  of  this  la  in  airline  report*,  which  note  on  engine  overhaul, 
that  these  modem  engines  deteriorate  faster  than  earlier  ones.  Typically,  high  bypass  ratio  engines  have  a specific 
fuel  consumption  (SFC)  Increase  of  1 to  li  % per  year  (Ref.  #)*  periodic  overhauls  do  not  fully  reoover  this  efficiency 
loss  (Fig.  S).  The  final  result  ia  an  engine  with  a fuel  consumption  which  is  3 to  10%  higher  than  that  of  a new  engine* 
Ref.  2 places  the  averaga  fuel  consumption  increase  at  7 %.  For  a military  turbofan  Ref,  7 places  the  SFC  lnoreuM 


at  near  3\%  in  260  hours  and  indicates  that  much  of  this  is  due  to  Increases  in  seal  leakage,  in  addition  to  the  effect 
on  efficiency,  the  sealing  olearanoes  also  have  a significant  sffaot  on  the  compressor  stall  margin  and  are  directly 
responsible  for  "thru at  droop"  whloh  oan  be  aa  high  aa  12%  (Ref.  7), 

The  objective  of  this  study  was  to  survey  the  present  state-of-the-art  of  turbine  engine  sealing  with  attention 
given  to  (1)  the  sensitivity  of  component  efficiency  to  sealing*  (2)  tbs  mechanical  and  tbarmal  effect*  which  oontrol 
the  sealing  olearanoes*  and  (3)  technology  needs. 
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2.  SEALING  LOCATIONS  AND  SEAL  TYPES 
Primary  Gas  Path,  Compressor  and  Turbine 

in  general,  primary  gas  path  seals  perform  two  functions! 

(1)  To  minimise  gas  recirculation 

(2)  To  minimise  gas  leakage  out  of  the  primary  gas  path. 

Sealing  to  minimise  gas  recirculation  is  found  at  the  following  compressor  (Fig.  6)  and  turbine  (Fig,  7)  locations: 

(1)  Rotor  stages 

<a)  For  unahroudod  rotors  between  blade  tips  and  the  oaae  inner  wall  (Figa.  6(a)  and  7(a))  and  for  shrouded 
rotors  between  blade  Shroud  and  tho  oase  (Figs.  6(b)  and  7(b)) 

(b)  Blade  roots  and  platforms. 

(2)  Stator  stages  - For  cantilevered  vanes  between  compressor  vane  tips  and  rotor  (Fig.  6(b)),  and  fur  shrouded 

vanes  between  the  inner  shroud  and  the  rotor  labyrinth  teeth  (Figs,  6(a)  and  7(b)). 

(3)  Cavltiea  - Rim  sealing  (Fig.  7(b))  to  prevent  hot  gaa  ingestion  into  the  turbine  oavitiee. 

Sealing  to  limit  gas  loss  from  tho  primary  gas  path  occurs  at  tho  following  locations: 

(1)  Flanges 

(3)  Vane  pivots  (Fig.  B(o))  - Compressor  leakage  at  the  vine  pivots  can  be  as  high  as  0,3%  of  engine  airflow  per 
stage  (Ref.  6). 

(3)  Compressor  end  seal  (Fig.  6(d)  from  Kef.  6)  - Controls  oooling  and  purging  flows  and  rotor  thrust  balance. 
Leakage  is  in  the  range  of  0.6%  of  engine  airflow  in  tome  engines  (Ref.  8).  Usually  most  of  this  leakage  is 
returned  to  the  primary  flow  in  a lower  pressure  region, 

Internal-Flow  System 

Pressurised  air,  which  is  bled  off  the  primary  flow,  eiders  the  internal-flow  system  and  is  used  to  purge 
oavUles  (prevent  hot  gas  ingestion),  pressurize  bearing  oompartmcnts,  act  as  a sweep  gas  to  prevent  lubricant  leak- 
age, cool  parts,  and  balance  the  rotor  thru  at.  The  Internal-flow  is  largely  controlled  by  labyrinth  sealsi  although 
rubbing  carbon  seals  are  sometimes  used  at  the  main  ah  aft  scaling  locations.  Problems  arise  because  wear  to  these 
internal-flow  system  seals  changes  the  amount  of  air  delivered. 

Raferenoe  10  points  out  that  increases  in  pressure  ratios,  bypass  ratios,  and  turbine  temperatures  tend  to  in- 
crease the  thermodynamic  loss  chargeable  to  the  Internal-flow  system:  this  trend  Is  indicated  in  Fig.  8,  In  which 
the  RFC  penalty  for  an  increase  internal-flow  is  plotted  as  a function  of  bypass  ratio.  According  to  those  data 
the  RFC  penalty  lnoresses  when  either  bypass  ratio  or  pressure  ratio  is  inoreased.  In  addition,  with  the  continuing 
trend  to  high  temperatures  there  is  an  associated  requirement  for  more  oooling  and  purging  flow, 

The  marked  effect  of  internal-flow  system  Is  also  Indicated  by  the  study  of  Ref.  11  on  the  leakage  effects  In  a 
■mall  engine  having  a compressor  flow  of  2.3  kg/ sec  (6  lbm/tec),  The  performance  of  this  engine  was  caloulatsd 
for  zero  clearance  and  for  typical  seal  clear  an  oca  assigned  to  each  position.  The  results  (Fig.  8)  show  that  the  moat 
significant  losses  are  In  the  labyrinth  seal*  for  which  the  calculated  penalty  is  a 17%  loss  In  power  and  a 7j%  In- 
crease In  RFC, 

As  mentioned  previously,  the  Internal  flows  are  largely  controlled  by  labyrinth  seals  at  various  locations  such 
as  at  the  compressor  discharge  (Fig.  6(d)),  high  pressure  turbine  (Fig.  10),  and  bearing  sumps.  Labyrinth  seals 
are  attractive  beoauao  of  their  mechanical  simplicity,  reliability,  and  freedom  from  limitations  on  axial  displace- 
ments. Common  configuration*  are  the  straight  and  stopped  designs  (Fig.  11).  Both  are  reasonably  affective  when 
alearaaoee  are  small.  But  both  lose  performance  fast  with  wear.  When  large  olearanoee  are  diotated  by  transient 
thermal  oondttlona,  the  performance  tends  to  be  poor.  But  the  stepped  seals  are  less  sensitive  to  clearance  change*, 
and,  In  general,  have  algnifioantly  leas  leakage  than  the  straight  design. 

To  obtain  close  olearanoes,  the  labyrinth  seals  must  be  designed  to  tolerate  rubs,  and  the  general  practice  In 
aircraft  gas  turbines  Is  to  place  labyrinth  teeth  on  tho  rotor  and  Ideally  have  all  of  the  wear,  due  to  Interference, 
take  place  on  the  stator  rub  surface.  The  reasons  for  attempting  to  have  all  of  the  wear  occur  in  the  stator  rub  aur- 
fiaoe  are; 


i 
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(1)  In  locations  In  which  the  rubs  tend  to  bo  local  (accommodation  o 1 eccentricity,  out-of-roundnene,  etc.),  wear 
to  the  stator  ia  a lesser  increase  in  leakage  area  titan  the  360°  of  area  inoreaae  which  ooourt  with  rotor  wear. 

(2)  In  aome  locations  the  realtive  displacement  of  the  stator  and  rotor  Includes  axial  and  radial  components  that 
have  a correspondence  with  an  engine  operating  condition.  As  illustrated  in  Fig.  12(a),  it  la  possible  to  accommodate 
Interferences  produced  by  these  displacements  and  yet  maintain  an  acceptable  sealing  clearance.  On  the  other  hand, 

U the  rotor  labyrinth  teeth  wear  inrtead  of  the  stator,  the  final  leakage  clearance  Is  Increased  by  the  Interference 
depth  of  the  rub. 

(3)  Stator  wear  introduces  the  possibility  of  designing  to  obtain  stator/rotor  interlocking  operation  in  some  ap- 
plications (Fig.  12(b)). 

Labyrinth  testh  ire  generally  thin  In  order  to  (a)  promote  sharp  edge  orifloe  flow  characteristics,  (b)  limit  the 
amount  of  heat  generated,  and  (o)  restrict  the  amount  of  heat  conducted  into  the  rotor.  limiting  the  heat  oonduotion 
into  the  rotor  precludes  a rotor  thermal  response,  which  oould  aggravate  the  rubbing  and  lead  to  a catastrophic 
failure. 

An  Important  part  of  the  Internal-flow  system  is  the  engine  mainshaft  seals,  which  protect  the  bearing  sumps 
as  illustrated  In  Fig.  13.  Figure  14  shows  several  abaft  seal  schematic!  for  the  turbine  bearing  sump  loostion. 

Here  the  basic  problem  Is  the  protection  of  the  bearing  aump  from  the  turbine  oooling  gas.  In  early  engines  the 
oooling  gas  pressure  and  temperature  was  relatively  low  and  a single  labyrinth  seal,  which  restricted  turbine  oooling 
gas  leakage  into  the  sump,  was  adequate.  Single  labyrinth  seals  have  been  used  to  pressure  differentials  of  34  N/tan2 
(60  pal).  At  these  pressures  the  efficiency  loss  due  to  seal  leakage  was  generally  insignificant.  However,  a disad- 
vantage of  the  labyrinth  seal,  as  oomparod  with  tbs  close-clearance  seals  (clroumfsrentlal  and  face),  Is  easier  pas- 
sage of  airborne  water  and  dirt  into  the  sump.  In  addition,  for  labyrinth  seals,  reverse  pressure  drops  must  be 
avoided  to  preclude  high  oil  loss.  In  fact,  a alight  positive  pressure  differential  should  be  maintained  to  prevent  oil 
leakage. 

When  high-pressure  sir  is  required  for  turbine  oooling,  the  multiple-labyrinth  system  (Fig.  14(b))  ie  ofton  used 
(in  large  engines).  In  this  system  low-pressure  compressor  bleed  surrounds  the  sump,  end  hence,  provides  thermal 
protection;  leakage  Into  the  aump  provides  the  required  sump  pressurization.  The  multiple-labyrinth  eeal  system 
has  higher  operating  temperature  and  speed  capcblltty  than  rubbing  contact  seals  and  has  bean  used  to  280  N/om2 
(400  psi)  and  922  K (1200°  F).  However,  as  engine  sice  decreases,  the  multiple  labyrinths  beoomss  difficult  to  apply 
because  of  space  restrictions  (vents,  bleeds,  lines,  etc.).  Small  engines  therefore,  require  other  solutions. 

Conventional  face  seal  technology  (Fig.  14(c))  can  be  used  to  replace  the  multiple  labyrinths  up  to  pressures  of 
90  N/om2  (130  pal)  and  to  sliding  speeds  of  122  m/aeo  (400  ft/seo).  In  another  arrangement,  which  is  used  In  some 
modern  large  engines,  the  labyrinth  seal  next  to  the  bearing  is  replaced  by  a face  seal  (see  Figs.  10  and  14(d));  this 
buffered  face  seal  system  has  the  advantage  of  relatively  low  leakage  Into  the  bearing  tump.  Also,  bearing  sum  re- 
verse pressure  differentials  are  more  readily  tolerated.  Further,  acoording  to  the  analysis  of  Bef.  12,  the  buffered 
face  seal  can  significantly  lower  the  efficiency  penalty  below  that  of  the  muitUebyrlnth  seal  system.  'Phis  analysis, 
which  was  made  for  a large  transport  engine  with  a 26:1  pressure  ratio,  showed  a leakage  loss  of  0. 88%  of  engine 
airflow  for  the  multllabyrlnth  seal  system,  In  oontrnst,  the  buffered-faoe  seal  system  bleeds  less  air  from  the 
compressor,  and  the  seal  system  pressure*  permit  recovery  of  the  bleed  loss  in  the  low-pressure  turbine.  The  net 
result  of  the  analysis  was  a predicted  0.6%  SFO  gain. 

In  addition  to  face  and  labyrinth  seals,  ring  seals  are  also  used  for  msinshaft  sealing.  The  simplest  is  the 
"floeting"  ring  (Fig.  16(e))  which  Is  so  named  because  it  Is  net  restrained  from  moving  in  a radial  direction  and, 
therefore,  can  operate  with  leaa  leakage  gap  clearance  than  the  conventional  labyrinth  seals  (Ref.  13). 

Rubbing,  circumferential  seals  operate  with  very  low  gas  leakages  and  are  therefore  attractive,  but  tbs  pres- 
sure differential  capability  Is  generally  low  beoause  of  the  rubbing  oontaot.  The  simplest  circumferential  rubbing 
seal  1*  oomposed  of  a segmented  carbon  ring  (throe  120°  segments)  held  togethor  by  a garter  spring  on  the  outside 
diameter  (Fig.  16(b)),  The  gaps  between  the  adjacent  ends  of  the  segments  are  a source  of  air  leakage  into  the 
bearing  cavity. 

Other  circumforsntUI  seal  designs  incorporate  multiple  rings  with  overlapping  Joints  to  eliminate  the  leakage 
at  the  gsps  between  the  segments.  Pressure  balancing  of  the  segments  maximizes  the  pressure  and  speed  capability 
(Fig.  15(c)).  Reference  14  reports  nuooessful  operation  of  a pressure  balanced  circumferential  seal  to  68  N/cm2 
(86  psi)  and  73  m/sso  (240  ft/eeo). 

In  partial  summary  of  this  Motion,  mainshaft  Msling  at  the  turbine  bearing  loostion*  Is  accomplished  by 
several  different  designs;  (a)  muttilabyrinth  seals,  (b)  rubbing  oontaot  seals,  or  (o)  a combined  system  of  a robbing 
oontaot  and  labyrinth  Mala.  Labyrinth  Mala  have  high  leakage,  whioh  can  be  a performance  penalty,  and  in  small 
engine*  with  restricted  space  the  high  leakage  rates  are  difficult  to  aooommodate.  On  th*  other  hand,  oontaot  Mala 
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have  low  leakage  but  have  limited  pressure  and  speed  capabilities.  A need,  therefore,  exists  for  main  shaft  seals 
which  have  low  leakage  yet  are  able  to  function  at  the  pressures  and  Bpeods  expected  in  advanced  engines  (pressure 
ratios' iu  the  range  of  45:1  (Hef.  1G)  and  seal  Bliding  speed  could  reach  183  to  244  m/seo  (600  to  800  ft/sec)). 


3.  LEAKAGE  FLOWS 

Blade  and  Vane  Tips  Leakage  Flows 

i Leakage  flow  between  the  blade  (or  vane)  tip  and  the  adjacent  wall  le  due  to 

/ 

1 (1)  The  pressure  differ enoe  between  the  suction  and  pressure  side  of  the  blade 

(2)  The  relative  wall  movement. 

The  velocity  gradient  of  the  flow  relative  to  the  blade  is  represented  by  the  classical  Couetts  flow  profile  indicated 
in  Fig,  16.  And  the  velocity  profile  produced  by  the  pressure  difference  is  probably  similar  to  that  of  a slit  type  of 
orifices  that  is,  the  classical  fully  developed  profile  Is  not  obtained  because  the  ratio  of  blade  thickness  to  clearsnoe 
Is  small. 


In  the  case  of  a compressor  blade  or  vane  tip,  the  pressure  difference  and  the  relative  wall  movement  both  sot 
to  cause  leakage  In  the  same  direction;  in  a turbine  these  two  effects  oppose  each  other.  In  general,  the  leakage 
over  the  tips  flows  in  a direction  tending  toward  a normal  to  the  main  flow,  and  the  resulting  interaction  of  these  two 
flows  Is  described  fay  some  (Kefs.  16  and  17)  as  a tip  vortex  auoh  as  that  depicted  in  Fig.  17.  Beferonoe  17  gives  a 
detailed  description  of  the  tip  leakage  interaction  with  the  boundary  layer.  Figure  18  shows  that  tip  leakage  flow  of 
relatively  high  energy  tends  to  turn  back  the  lower  energy  secondary-flow  and  form  a core  of  low  energy  fluid;  this 
core  is  pushed  further  toward  the  blade  pressure  side  as  the  tip  leakage  increase!.  Observation!  made  by  the  author 
of  Ref.  18  using  a multistage  axial  flow  hydraulic  pump  confirm  that  thia  slot  discharge  rolls  up  into  a vortex. 

Losses  are  considered  to  arise  because  the  velocity  component  normal  to  the  ohord  Is  not  recovered, 

Reference  19  presents  a method  for  predicting  tip  clearance  effects  in  turbomachinery,  and  a aemlomplrloal 
expression  Is  formulated  using  a model  in  which  the  lift  is  uniform  along  the  span  and  only  a part  of  the  bound  vortex 
is  she'  along  the  tip.  Boundary  oondltions  are  satisfied  through  use  of  image  vortices,  and  the  associated  flow  Is 
used  to  predk*  i oed  drag.  The  aemiempirioal  expression  for  efficiency  drop  A u from  the  analysis  by  Ref.  19  is 


in  which 


\ - c/s,  tip  clearance /blade  height  ratio 

2c  AT  2<APo,lsen 
f - blade  loading  ■ — E 

pU2  pU2 


j9m  “ mean  air  angle 


A “ aspect  ratio  of  blade 

„ , . V,  fluid  exit  velocity 

m flow  coefficient  » — ■ - - — 

U blade  speed 

The  preoedlng  formula  is  for  a cascade  and  dosa  not  lnolude  rotation  effects.  Also,  the  formula's  applicability 
needs  to  he  established  over  a wide  rungs  of  design  parameters.  This  suggests  a nsed  for  a better  mathematical 
model  which  would  accurately  reflect  the  effect*  of  the  varlou*  parameter*.  The  complexity  of  the  flow  and  Che 
interaction  of  the  many  parameters  (such  as  chord  length,  blade  loading,  aspect  ratio,  Mach  number,  rotational 
•peed,  etc.)  suggests  that  the  expression  will  continue  to  be  semiemplrioal. 


Labyrinth  Baal  Flow* 

Two  basic  approaches  are  used  to  predict  labyrinth  seal  leakages)  one  is  based  on  a pipe  friction  model,  and 
the  other,  which  seems  to  have  wider  acceptance,  la  based  on  a eerie*  of  throttlings.  The  physics  of  the  flow  Is 
illustrated  In  Fig*.  19  and  20.  Ideally,  the  kinetic  energy  increase  across  each  annular  orifloe  (stations  1 to  2 in 
Fig.  19)  is  oomplotely  dissipated  In  the  cavity  (stations  2 to  3),  In  actuality,  the  kinetic  energy  dissipation  is  not 


complete,  and  Egll  (Ref,  20)  introduced  the  concept  of  "carry-over"  (see  fluid  dynamic  model  in  Fig.  20)  in  order 
to  acoount  for  the  Incomplete  dissipation  of  kinetic  energy  in  straight  labyrinth  seals.  Reference  21  gives  the  follow- 
ing convenient  form  of  an  Egll  equation  for  calculating  leakage,  W: 


W - A(payVgpuPu  (2) 

where  A is  the  leakage  area;  <p  la  the  flow  function  and  a function  of  N,  P <j/pu*  c 11  the  discharge  coefficient  and 
a function  of  t,  c/tj  y is  the  carry-over  factor  and  a function  of  N,  o/s;  Pu  la  the  upstream  pressure)  pu  is  the 
upstream  density;  N is  the  number  of  labyrinth  teeth;  o is  the  clearance;  t is  the  tooth  thickness;  a is  the  tooth 
apacing;  and  P^  is  the  downstream  pressure.  The  values  of  if,  a,  and  y are  obtained  from  the  graphs  In  Fig,  21 
from  Ref.  22, 

From  the  flow  function  curve  (Fig.  21)  It  la  seen  that  increasing  the  number  of  throttlings  decreases  flow  hut 
that  the  gain  beyond  alx  teeth  is  small.  This  la  one  reason  why  labyrinth  seals  in  aircraft  engines  generally  have 
six  or  fewer  teeth. 


The  discharge  coefficient  at  la  affected  by  tooth  shape,  tip  thlokness  to  clear  an  oe  ratio,  pressure  ratio  across 
the  tooth,  and  eocentricity . Extensive  experiments  (Raf.  1)  have  shown  more  complexity  than  indicated  in  Fig.  21(b). 
For  example,  the  effects  of  tooth  shspe  on  discharge  coefficient  is  given  in  Fig.  22;  these  data  show  a significant 
sensitivity  to  tooth  shape.  Sharp  oorners  provide  the  lowest  discharge  coefficient;  however,  from  a practical  view- 
point, labyrinth  teals  generally  rub,  and  rounded  oorners  are  common,  particularly  if  the  stator  rub  material  is  not 
easily  abraded.  Thus  the  discharge  coefficient  may  approach  that  of  a nor  ale,  (Please  read  Ref.  1 for  a more  com- 
plete ooverage  of  discharge  coefficient.) 

Experimental  data  are  often  expressed  in  terms  of  an  overall  flow  parameter  <l>,  which  includes  the  flow  func- 
tion if,  discharge  coefficient  a,  and  the  carry-over  factor  y,  Therefore,  equation  (2)  can  be  expressed  as 


<3> 


An  example  of  experimental  data  for  a labyrinth  teal  with  four  teeth  is  shown  in  Fig.  23,  in  whioh  the  flow  parameter 
f Is  plotted  as  a function  of  pressure  ratio.  These  data  Indicate  choking  above  a pressure  ratio  of  about  2.6.  Moat 
engine  manufacturers  have  oon  aider  able  labyrinth  seal  experimental  data,  and  their  semlemplrlcal  analytical  tech- 
niques baaed  on  these  data  (e.g. , Figs.  22  and  23)  permit  accurate  prediction  of  the  leakage.  The  major  error  prob- 
ably oomes  In  clearance  estimation. 

The  potential  payoff  of  reduced  leakage  validates  the  continuing  search  for  Improved  labyrinth  seals.  Potential 
reductions  may  result  from  the  following: 

(1)  Stator  rub  materlala  that  Increase  dissipation  (data  In  Ref.  23  show  that  a honeycomb  stator  rub  surfaoe  la 
most  promising) 


(2)  Tooth  edge*  that  retain  ooraer  sharpness  under  rubbing  and  erosion  conditions 

(3)  Geometries  that  reduco  carry-over  effects 


(4)  Theoretical  studies  for  added  insight  with  leaa  dependence  on  emplrioal  data  (provide  optimum  designs) 

(5)  Closer  running  clearance*. 


4.  SEALING  CLEARANCE  SENSITIVITY 
Compressor  SyMom  Sealing 

Many  parameters  are  associated  with  blade  tip  clear  an  oe  leakage,  some  are  blade  loading,  tip  thickness,  aspect 
ratio,  wall  relative  speed,  and  Mach  number.  But  the  one  favored  as  the  moat  significant  by  many  investigators  la 
the  ratio  of  clearance  o to  blade  height  a.  References  1,  24,  and  25  oontain  experimental  data  on  relatively  large 
diameter  fan  and  compressor  efficiency  aa  a function  of  either  clearance  or  o/s  ratio.  The  data  of  Ref,  1 are  in 
terms  of  a penalty  on  a baseline  efficiency  at  near  aero  clearance  (Fig.  24);  the  absolute  levels  of  efficiency  are  not 
given.  On  the  ether  hand,  data  In  Refs.  24  and  25  are  in  termc  of  efficiency  levels,  and  the  penalty  on  an  efficiency 
level  at  near  aero  clearance  can  b»  obtained  through  extrapolation.  This,  however,  requires  pome  knowledge  of  the 
behavior  of  the  efficiency  curve  at  email  o/s  ratios. 
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Inspection  of  the  relationship  between  efficiency  penalty  and  c/a  ratio  in  Fig.  24  reveals  these  general  features: 

(1)  The  initial  slope  of  the  curve  at  very  low  o/s  ratios  («0.  0005)  has  about  a 10%  efficiency  penalty  for  each 
0.01- increment  in  o/s  ratio. 

(2)  The  final  slope  of  the  curve  is  oonstant  beyond  a o/s  ratio  of  about  0. 008  and  has  a magnitude  of  about  2% 
efficiency  penalty  for  each  0.01-increment  in  o/s  ratio, 

(3)  There  ia  no  indication  of  an  optimum  finite  clear  an  oe  from  an  efficiency  standpoint  (although  Ref.  19  presents 
a heuristic  argument  for  the  existence  of  an  optimum  clearance) , 

Referee oo  25  shows  experimental  multistage  compressor  efficiency  as  a function  of  five  different  clearances 
(sec  Fig,  25),  The  olosest  clearance  provided  a o/a  ratio  of  0,011,  Thla  compressor,  referred  to  in  Ref,  25  ss 
"Alioe,  " bed  eight  stages  and  ran  st  a mean  blade  speed  of  93. 9 m/seo  (308  ft/eeo).  With  reference  to  Fig.  25  the 
elope  of  the  curve  Is  oonstant  over  a wide  raiige  of  c/s  and  has  a magnitude  of  1, 95,  This  ia  added  evidence  that 
the  final  slope  of  the  sensitivity  curve  shown  in  Fig.  24  may  have  general  applicability. 

Data  on  clearance  effects  of  single-stage  fans  (Ref,  24)  ranges  between  a c/a  of  0.0014  to  0.0118.  Thus  the 
data,  whloh  are  shown  In  Fig.  26,  span  a region  in  which  the  slope  of  the  sensitivity  curve  Is  rapidly  changing, 
whereas  the  data  for  the  "Alioe"  compressor  is  entirely  within  the  final  oonstant  slope  region.  When  drawing  the 
curve  In  Fig.  26,  it  vas  aasumod  that  the  initial  and  final  elopes  would  be  the  same  as  those  in  Fig.  24.  Theae  as- 
sumptions seemed  to  agree  with  the  general  trends  of  the  curve  and  permitted  a short  extrapolation  to  obtain  a base- 
line efficiency  at  a o/s  of  0.0005,  This  extrapolation  permits  the  data  to  be  expressed  in  terma  of  efficiency  penalty 
from  a baseline.  A oomparleon  with  that  from  Ref.  1 la  given  in  Fig,  27.  Data  from  Ref,  24  indicate  a greater  pen- 
alty, and  the  varianoes  suggest  additional  studies  are  needed.  In  particular,  data  are  needed  at  small  o/s  ratios. 

Generally,  the  effect  of  leakage  la  more  significant  in  the  email  engines  because,  the  leakage  flow  area  is  rela- 
tively larger.  However,  a significant  problem  In  large  engines  is  blade  tip  rubbing  from  oase  bending  (Ref.  26)  and 
out-of-roundneas,  (This  is  discussed  in  s later  section. ) Even  though  small  engines  tend  to  be  stiff  and  hold  round- 
nest,  small  engine  compressor  efficiency  tends  to  bo  about  5%  leas  than  that  for  large  engines  (Ref.  27).  This  fact 
places  increased  emphasis  on  reduo ing  penalties  caused  by  clearance  effects. 

For  a small  axial  compressor  with  a diameter  of  11.770  cm  (4.634  in.),  Ref.  28  shows  a maximum  stage  effi- 
ciency at  design  speed  of  83.3%;  the  running  tip  clearance  was  0.78%  of  the  rotor  blade  mean  span,  And  when  the 
rotor  diameter  was  machined  down  to  increase  the  clearance  to  2. 14%  of  blade  span,  the  efficiency  decreased  by 
5.6  points.  Additional  data  on  small  axial  compressors  are  found  in  Ref.  27,  which  contains  a compilation  of  various 
aouroos.  There  are  varlanoea  between  the  seta  of  data,  but  all  data  indicate  a serious  degradation  of  efficiency  due 
to  clearances.  A typical  rate  ia  a 1. 5-peroentage- point  leas  in  efficiency  for  each  increase  of  0. 01  in  clear  an  oe  to 
•pen  ratio. 

Clearance  effect  data  for  centrifugal  compressors  nre  given  by  Refs.  27  , 29,  and  30t  typical  data  are  shown  in 
.Fig.  28,  For  axial  clearance  changes  at  the  tip,  data  from  Ref.  27  show  a 1. 00-peroent*  go-point  loss  for  each  0.01 
Increase  in  c/s  ratio  (a  is  the  axial  depth  of  the  blade  at  the  tip).  In  contrast,  Refs.  29  and  30  indicate  a 0.37  to 
0.49  percentage  point  loss. 

As  with  the  larger  diameter  compressors,  the  data  for  small-diameter  compressors  (axial  and  radial)  show 
considerable  effect  on  efficiency  however  the  varianoes  suggest  that  additional  studies  are  needed.  Since  data  for 
the  email  compressors  are  for  o/a  ratios  above  0. 02,  there  remains  the  question  of  how  efficiency  changes  with 
clearance  below  a o/a  ratio  of  0.02, 

In  some  engine  designs  the  compressor  stator  vanes  are  cantilevered  (see  Fig,  6(b)),  and  the  clearance  etteatm 
are  somewhat  similar  to  those  of  the  blade  tips.  Reference  1 gives  data  on  efficiency  penalty  as  functions  of  clear- 
ance to  blade  height  ratio,  and  these  data  are  shown  iu  Fig.  29.  In  oomparleon  with  the  blade  tip  data  of  Fig.  27, 
the  penalties  are  not  nearly  as  severe. 

The  other  type  of  construction  used  in  stator  vane  seai''Vl  Is  tbs  inner  diameter  shroud  depicted  in  Fig,  8(a). 
Compared  with  the  cantilevered  constructions,  the  inner  shroud  and  associated  labyrinth  seal  form  annular  passages 
underneath  Dm  primary  flow  path,  and  theae  passages  allow  circumferential  flow;  the  net  result  is  detrimental  effect 
on  stall  margin. 

Figure  30  (from  Ref.  1'  chows  efficiency  penalty  for  clearances  in  the  stater  vane/lnnsr  riiroud  type  of  con- 
struction. Tbs  data  In  Fig.  SO  are  for  labyrinth  seals  having  two  knife  edges  with  no  carry-over  blockage  (no 
steps),  A comparison  of  the  penalties  in  Fig.  30  with  those  for  oantllsvored  stator  vanes  shows  that  the  inner 
shroud  construction  has  less  effect  on  compressor  efficiency, 
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In  regard  to  the  preferred  type  of  vane  sealing,  the  Inner  shroud  construction  produces  undesirable  annular  pas- 
sages which  allow  circumferential  flow;  on  the  other  hend,  inner  shroud  construction  provides  greater  structural 
integrity,  This  ia  important  from  an  F.O.D,  and  aeroelastio  stability  standpoint.  Further,  in  cantilevered  construc- 
tion, the  clear  an  oe  between  the  vane  tips  and  rotor  must  be  selected  to  avoid  hard  rubs,  and  therefore  is  generally 
larger  than  for  the  inner  shroud  construction.  Vane  tip  rubbing  has,  in  some  oases,  triggered  a rotor  thermal  re- 
sponse feedback  which  increased  the  rubbing  severity  until  catastrophic  failure.  However,  an  additional  factor  which 
favors  the  cantilevered  construction  is  the  significantly  lower  boundary-layer  temperature  (at  the  inner  gas  path)  than 
with  the  shrouded  stator  vans*  (Ref.  10). 

In  addition  to  the  effect  on  efficiency,  blade  tip  clearances  also  affect  the  stall  margin  and  the  pressure  ratio. 
Reference  24  supplies  valuable  data  in  this  regard,  and  some  are  shown  in  Fig.  31.  The  steep  slope  of  both  curves, 
as  clearances  are  decreased,  suggests  a large  potential  Improvement  If  oloae  running  clearance  a oould  be  obtained. 
Reference  28  also  provides  data  on  stall  margin  aa  affected  by  clearance  for  a single  stage  fan  with  a relatively  low 
tip  speed  of  68,1  ra/sec  (223,4  ft/see),  Tip  clearances  of  0.3,  0.6,  and  1,2  mm  (0.012,  0.024,  and  0.047  in.)  were 
used,  and  these  gave  c/a  values  of  0,0033,  0.0067,  and  0.0133.  Using  the  largest  clearance  as  abasia,  the  stall 
margin  improved  by  4 . 7 % when  the  clearance  was  reduoed  to  0 . 6 mm  (0 . 024  in. ) and  Improved  7 , 1%  for  the  0 . 3 mm 
(0.012  in.)  clearance. 

Turbine  System  Sealing 

The  decrease  In  turbine  efficiency  associated  with  an  increase  in  clearance  ia  due,  in  part,  to  unloading  of  the 
blade  by  leakage  over  toe  tty,  and  to  toe  Increase  Jn  flow  area  over  the  blade  ttys.  In  addition,  when  the  increase  in 
clearance  occurs  because  of  blade  wear,  an  added  loss  is  associated  with  toe  decrease  in  active  blade  area,  in  tola 
regard,  it  ia  preferable  to  have  the  case  wear  instead  of  toe  blade.  Thla  la  also  true  of  compressors.  These  two 
idealised  extremes,  wear  to  toe  blade  with  none  to  the  case,  and  vice  versa,  are  illustrated  in  Fig,  32,  Interference 
between  toe  blades  and  oaae,  whloh  lead*  to  wear,  la  uaually  caused  by  transient  thermal  differences  between  the 
rotor  and  toe  case.  This  ia  discussed  in  a later  section. 

Data  from  Ref.  31,  whloh  is  repeated  in  Fig,  33,  reveals  that  changes  in  clearances  arc  accompanied  by  signifi- 
cant changes  in  both  exit  flow  angle  and  local  efficiencies  over  the  entire  blade  height.  These  data  are  for  different 
clearances  (up  to  8%  of  flow  passage  height),  which  were  obtained  by  machining  down  toe  blade  ttya.  Near  the  tty  toe 
exit  flow  angles  showed  a large  change,  nearly  40°.  In  addition,  toe  average  flow  angle  across  the  flow  passage 
changes.  This  indicates  that  underturning  aooompanies  increases  In  iesksge  through  the  clearances.  Also,  Fig. 

33(b)  reveals  a large  variation  in  local  efficiency  across  the  entire  blade  height  with  the  greatest  change  occurring 
between  toe  mean  radius  and  the  tty.  Thus,  clearance  can  affect  the  flow  across  toe  entire  blade  span. 

References  32  to  34  contain  experimental  data  on  the  effect  of  tip  clearances  on  turbine  efficiency,  and  Ref.  34 
contains  a comparison  of  these  data,  which  is  shown  In  Fig.  34.  These  comparisons,  which  are  expressed  aa  frac- 
tions of  xero-tty-clearanoe  efficiency,  were  obtained  by  linear  extrapolation  to  aero  clearance.  Inspection  of  Fig.  34 
reveals,  in  general,  a significant  impact  of  tty  clearanoe  on  turbine  efficiency,  and  the  data  show  that  a greater  loss 
la  associated  with  reaction  turbines, than  with  impulse  types,  apparently  because  of  the  higher  pressure  difference 
across  the  blsde.  In  this  regard,  the  reaction  turbine  used  in  studies  of  Ref.  3«  had  an  efficiency  loss  of  2.0%  for 
a clearance  change  of  1%  of  blade  height  when  toe  clearance  change  was  produced  by  machining  down  the  blade  ttys. 
But  when  the  clearance  was  obtained  by  maohining  out  the  case,  and  with  toe  blade  tty  diameter  equal  to  the  casing 
Inside  diameter  (see  Fig,  36(a)),  toe  effioienoy  slope  for  a reaction  turbine  was  1,6%  for  a olearanoe  change  of  1% 
of  blade  height. 

For  these  machined  case  configurations  toe  optimum  efficiency  occurred  when  the  blade  tty  diameter  was  equal 
to  the  ease  inside  diameter  (Fig.  36(a));  when  the  blade  tty  was  below  the  case  Inside  diameter  or  when  the  blade 
protruded  into  the  machined  recess  (Fig.  36(b)),  the  losses  were  greater.  For  example,  the  data  of  Ref,  34  show 
that  for  a doaxance  of  2%  of  the  blsde  height,  the  efficiency  drops  from  87%  for  aero  blade  extension  into  the  reoeae 
(Fig.  36(a))  to  86%  for  a blade  extension  Into  the  recess  ol  3,6%  of  blade  height  (Fig.  36(b)). 

Radial-inflow  turbine  clearance  data  are  reported  in  Ref.  36.  Studies  Included  the  effect  of  axial  cleovanoes  at 
the  entranoe  and  axlt  and  the  effect  of  radial  clearance* , The  data  reveal  sensitivity  to  radial  clearanoe  oomparable 
with  that  for  toe  axial  flow  turbine  a. 

Influence  Coefficients 

Tbs  real  measure  of  the  effect  of  seal  leakages  Is  In  Its  effeot  on  speciflo  fuel  ooneumption  (SFC)  whloh  Is  in- 
versely proportional  to  the  product  of  oyole  and  propulsive  efficiencies  (Ref,  16).  The  cyole  effioienoy  is  limited 
mainly  by  gaa  generator  oomponent  effioienoy  and  by  alrbleed  requirements  for  hot- Motion  oooling,  For  a high  by- 
pass engine  toe  propulsive  effioienoy  depends,  to  a great  extent,  on  the  efficiencies  of  the  component*  acting  on  the 
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bypass  utroam,  thus  the  fun  and  low-pressure  turbine  otficiencloe  are  a major  influenoe. 

Reference  16  provides  data  on  the  Influenoe  of  various  high  bypass  engine  oomponent  efficiencies  on  the  specific 
fuel  oonaumption  and  these  data  are  repeated  in  Fig.  36.  It  is  noteworthy  that  for  a high  bypass  engine  a low-pressure 
turbine  (LPT)  efficiency  change  causes  the  greatest  change  in  SFCj  a 0. 86%  improvement  in  PFC  for  each  percentage 
point  increase  in  turbine  efficiency.  The  high  pressure  compressor  (HPC)  and  turbine  (HPT)  each  provide  about  0.6% 
8FC  change  for  each  1%  change  in  oomponent  efficiency. 

Reference  6 provides  influence  coefficient  type  data,  in  terms  of  fuel  oonaumption  sensitivity  to  oomponent  dete- 
rioration, for  the  JTSO-3B  and  JT8D-K  engines.  These  data  were  determined  by  mathematical  models  of  engine  per- 
formance and  show,  for  example,  the  following  fuel  flow  increases  for  a 1%  deterioration  in  each  of  the  following 
oomponent  efficiencies: 


Component 

Fuel  flow  Increase, 
% 

Fen 

0,29 

HPC 

.51 

HPT 

.58 

LPT 

.69 

Interestingly,  a 1%  increase  in  HPT  flange  leakage  resulted  in  a predicted  Increase  in  fuel  flow  of  1.22%.  This 
points  up  not  only  the  significance  of  flange  sealing  but  also  the  large  influenoe  of  any  high  pressure  air  loss  from 
the  oyole.  In  this  regard,  vane  pivot  leakage  and  HPC  flange  leakage  have  a similar  influenoe.  Also,  it  suggests 
that  variable  vanes  for  HPT  of  advanced  engines  be  given  close  design  study  In  regard  to  sealing  effectiveness. 

S.  SEALING  CLEARANCES 

In  previous  sections  the  need  for  close  clearances  in  modern  gas  turbine  engines  was  atreaaed.  A basic  problem 
la  that  the  radial  dlaplsoementa  of  the  case  and  rotor  are,  in  general,  much  greater  than  the  dealrod  operating  olear- 
ancea.  An  approximate  ordering  of  the  more  significant  transient  sad  nontran slant  displacements  which  affect  clear- 
ance are 

(1)  Thermal  response  of  the  case  and  rotor 

(2)  Centrifugal  and  gyronoplc  loads 

(3)  Surge /stall  displacements 

(4)  Thrust,  aerodynamic,  maneuver,  gust,  and  landing  lcada 

(6)  O validation  and  out-of-roundnes*  due  to  nonaxiaymmetrio  structures,  loads,  and  temperatures 

(6)  Case/rotor  vibration  and  shaft  thermal  bow 

(7)  Assembly  eooentrloitisa 

(8)  Machining  tolerance  variations. 

Abradable  materials  In  labyrinth  seals  and  over  compressor  blade  tipi  can  make  accommodations  (or  allow  cor- 
rections) for  assembly  eccentricities,  machining  tolerance  variation  between  assemblies,  and  out-of-roundnoss. 
However,  the  other  effects  listed  must  be  controlled  through  the  Integrated  maohanlcal  design  of  the  whole  rotor-oase. 

The  transient  thermal  response  of  the  oaee  and  the  rotor  la  of  major  oonoem,  end  this  response,  along  with  the 
centrifugal  loading,  la  one  of  the  moat  Important  factors  In  setting  the  final  cruise  clearance.  In  general,  the  ther- 
mal response  of  the  case  and  rotor  are  not  the  same  because  of  differences  in  mass,  cooling-air  circulation,  host 
transfer,  and  material.  Figure  37  Illustrates  the  general  problem  of  relative  oase/rotor  displacements  as  It  is  ef- 
fected by  thermal  response  and  oentrifugal  loading.  The  case  tend*  to  have  a much  faster  thermal  response  to  the 
gas  path  stream  temperature  than  the  rotor.  The  rotor  growth  Is  Initially  due  to  oentrifugal  foroe  during  accelera- 
tion, and  If  assembly  olearanoes  are  too  amall,  a rub  will  occur  In  the  early  part  of  the  acceleration.  On  decelera- 
tion, the  case's  relatively  fast  thermal  response  will  cause  rubs  if  full  power  is  demanded  after  a period  of  low 
power  (such  as  in  an  aborted  landing).  This  is  also  illustrated  in  Fig.  37  In  which  the  relatively  fast  oaee  response 
hee  reduced  the  clear  sues  to  a magnitude  less  than  the  rotor  displacement  due  to  oentrifugal  foroe.  The  problem 
can  be  mitigated  by  oloaer  thermal  matching  of  the  oaae  and  rotor,  but  not  completely  solved,  If  very  close  cruise 
olearanoes  are  going  to  be  obtained  then  some  type  of  active  clear  an  oe  control  Is  needed  to  eliminate  the  rub  poten- 
tial. In  this  regard,  Ref,  36  describee  a oaae  cooling  system,  now  being  used  In  current  commercial  engines, 
which  radium  the  cruise  olearanoes  in  the  high  pressure  turbine.  This  oooling  system  Is  automatically  rtut  off  to 
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incroasa  the  oloarsnce  during  potentii  ' rub  situations. 

As  mentioned  previously,  a problem  in  some  engines  is  a loss  in  thrust  on  engine  acceleration.  This  is  thought 
to  bo  due  to  the  opening  up  oi  certain  critical  sealing  clearances  and  haa  been  attributed  to  the  last  sealing  oaae  ther- 
mal response.  Magnitudes  of  thrust  loss  in  the  range  of  12%  have  been  reported  (Ref.  7)  for  conditions  in  which 
throttle  advance  ia  made  on  a "cold"  engine;  for  example,  when  the  engine  is  started,  taxied  to  the  end  of  the  runway, 
and  then  accelerated  for  takeoff. 

Typical  transient  clearances  for  a high  bypass  engine  are  given  in  Ref.  37  for  a first-stage  high-pressure  tur- 
bine; these  data  (shown  in  Fig,  38)  show  blade  tip  clearance  changes  of  about  0.76  mm  (0.030  in. ) over  a period  of 
400  seconds. 

As  mentioned  previously,  large  engines  have  relatively  flexible  oases  and  rotors;  these  are  Inherent  in  large- 
diameter,  flight  weight  structures.  Aa  a result,  various  thrust,  aerodynamic,  and  gyrosoopio  loads  cause  appreci- 
able relative  displacements  it  certain  sealing  locations.  An  example  pointed  out  in  Ref.  26  ia  the  engine  oase  bending 
(large  high  bypass  ongine)  resulting  from  aerodynamic  loads  on  the  inlet  oowl  (aee  Illustration  in  Fig.  39)  and  from 
the  thrust  loading,  These  inlet  lift  and  thrust  losds,  which  are  large  during  climb-out  after  takeoff,  cause  rubbing 
at  the  12  o'clock  position  in  the  high-presaure  compressor  and  at  the  6 o'olook  position  in  the  tan. 

Reference  26  also  points  out  that  vibration  characteristics  (response  to  gust,  tskeoff,  turbulence  and  maneuver 
loads)  ere  of  fundamental  importance  in  propulsion  system  design  and  that  a piecemeal,  oomponant-by-oomponent 
analysis  is  not  sufficient  because  of  oo  up  ling  effects.  The  analytical  method  described  in  Ref.  26  oovere  the  engine 
and  airframe  related  components  and  has  these  two  main  procedural  steps: 

(1)  The  use  of  static  models  of  installed  propulsion  system  and  steady-state  loada  to  calculate  preliminary  mag- 

nitudes of  Wrasses  and  deflection! 

(2)  The  refinement  of  the  analysis  through  the  use  of  a dynamic  model  of  an  installed  propulsion  system  with 

transient  flight  loads,  gyrosoopio  forces,  and  rotor  unbalance  to  calculate  stresses,  deflections,  and 
frequencies. 

The  analytical  model  (Rof , 38)  includes  the  probability  of  exceeding  a flight  load,  which  will  cause  a blade  tip  rub; 
this  Is  expressed  In  terms  of  "exceedances"  (rubs)  per  1000  flights.  The  data  in  Ref.  38  show  that  excesdanoas  are 
a function  of  engine  position,  and  show  most  of  the  change  in  clearance  due  to  rubs  occurring  duping  the  first  10 
flights.  This  agrees  with  a conclusion  from  the  study  ht  Ref.  6 that  the  deterioration  consisted  of  two  portions,  an 
Initial  rapid  rate  (wear  in),  which  open*  up  the  oiearanoes,  and  then  a slower  rate,  which  is  dependent  on  erosion 
rate  and  the  number  of  adverse  events  (compressor  stalls,  hard  landings,  severe  gusts,  etc.). 

In  small  and  large  engines  a major  consideration  is  the  roundness  of  the  esse.  For  example,  there  oould  be 
transient  effects  auch  aa  the  response  of  a horizontally  split  compressor  oase  to  a thermal  change.  In  general, 
horizontal  flanges  at  the  split  line  have  a different  thermal  response  from  the  rest  of  the  case,  and  the  flange  also 
causes  the  oase  stiffness  to  be  nonaxi symmetric.  In  the  hot  section  out-of- roundness  is  caused  by  (1)  nonuniform 
temperatures,  (2)  nonaxlsymmetrio  structures,  (3)  localized  flange  leakage,  (4)  nonuniform  distribWlon  of  cooling 
air,  and  (6)  localized  flow  path  gapa  (hot-gas  recirculation).  Engine  operation  data  indicate  that  hot  section  out-of- 
roundness  may  be  in  the  range  of  0.001  cm  (0.0004  in.)  per  centimeter  of  diameter.  Thus,  the  out-of-roundness 
may  be  greater  than  tho  desired  operating  tip  gap.  And  as  turbine  temperatures  and  pressures  inorease,  both  the 
out-of-roundness  tendency  and  performance  penalty  will  Inorease,  A partial  solution  to  out-of-roundneas,  of  oourse, 
is  in  obtaining  more  axisymmetriu  temperature  distribution.  Also,  It  should  be  noted  that  out-of-roundness  can  be 
caused  by  strains  In  adjacent  cases;  that  is,  a maldistribution  of  temperature  in  one  case  section  can  Influence  tho 
ro kindness  of  adjacent  case  sections, 

Clearances  can  be  affected  by  rotor  and  stator  vibrations.  Shaft  dynamics  motions  due  to  rigid  rotor  and  flexible 
rotor  unbalance  (see  Table  IX)  have  received  considerable  attention  and  are  amenable  to  analysts  (Refs.  39  and  40). 
Modem  analytical  methods  and  abaft  balancing  techniques  generally  insure  a trouble  free  design  from  s rigid  rotor 
oritlosl  speed  standpoint.  Large  engines  generally  operate  above  the  rigid  rotor  oritioal  and  below  the  flexible  rotor 
mods,  and  typical  radial  displacements  at  operating  speed  due  to  rotor  unbalance  at  ■>  reported  to  be  in  the  range  of 
0.010  cm  (0.004  in.)  In  large  engines.  Thus  in  swell  designed  system,  radial  displacement  due  to  critical  speed  is 
usually  not  a major  factor  in  sealing  oiearanoes.  Some  small  engines  run  above  s flexible  rotor  mode,  and  reoent 
advances  in  multiplane  balancing  techniques  (Ref.  41)  promise  small  operational  displacements.  However,  there 
remain  questions  on  response  of  flexible  rotor  under  adverse  oo  editions  auoh  as  surge/ stall  or  blade  out  operation. 

There  ia  oonoem  that  nonsynohronous  whirl  (see  Table  II)  oould  he  the  source  of  clearance  changes,  especially 
in  high-pressure  systems.  Figure  40  illustrate*  the  general  principle  for  a labyrinth  seal.  The  pressure  field 
within  the  labyrinth  seal  will,  in  general,  not  be  symmetric  about  a plana  (taction  A-A  in  Fig.  40)  passing  through 
the  direction  of  ecoentrlcity  because  of  pre  swirl  and  the  non  uniform  clearances.  (A  complicating  factor  in  labyrinth 


1 


l 


L 


! 10 

i 

seal  Is  axial  clearance  variation  duo  to  convergence,  divergence,  or  axial  misalignment.)  Since  the  pressure  Held 

is  not  symmetric  about  section  A-A  (Fig.  40),  a force  component  will  exist  which  is  transverse  to  the  eccontrlelty 

direction,  which  will  tend  to  produce  a self-excited  whirl . j 

i 

A similar  principle  applies  to  the  case  of  blade  whirl  forces;  beoause  of  nonun lfo ran  clearances  and  associated 
leakages,  blade  loading  la  not  uniform  (lower  loading  where  the  tip  gap  la  larger)  and  the  net  result  Is  an  aerodynamic  j 

force  transverse  to  the  eccentricity  direction.  ( 

An  additional  potential  source  of  vibration  is  rubbing  friction  induced  whirl.  This  Is  a complex  case/rotor  Inter-  . 

action  which  has  not  been  well  Investigated.  1 

i 

The  necessary  use  of  thin  sections  and  light-weight  construction  has  Introduced  potential  vibratory  motions  of  the  I 

labyrinth  seal  structure,  espeoltlly  in  larger  sisei.  Although  fatigue  oracklng  of  the  labyrinth  structure  Is  ususlly  j 

the  final  result,  clear ar.oe  changes  with  associated  wear  can  also  be  produced,  Instabilities  are  reported  to  have  oo-  ■ 

cur  red  when  the  wave  speed  of  vibration  of  the  rotating  labyrinth  component  was  in  resonance  with  the  flexural  wave  i 

speed  of  the  stator  shroud.  To  preclude  failure  due  to  resonance  with  a flexural  mode  in  the  stator,  Ref.  9 re  com-  , 

mends  stators  that  have  a minimum  angular  velocity  for  all  flexural  modes  at  least  26%  higher  than  the  rotor  speed  ] 

at  100%  operation.  This  may  require  experimental  verification  of  the  predicted  frequencies  since  some  stator  at  rue-  1 

tores  are  quite  complex, 

' ' i 

in  addition  Ref,  9 makes  the  interesting  observation  that  labyrinth  stator  and  rotor  components  do  net  have  fa- 
tigue fallurea  when  supported  on  the  discharge  end.  (See  Fig,  41.)  j 

Clearance  management  in  the  various  seals  presents  a difficult  engineering  problem,  which  involves  the  entire  } 

rotor/oase  assembly,  airframe  integration,  and  operational  flight  loads.  In  modem  engines  knowledge  of  the  oper-  | 

■ting  clearances  is  inferred  from  rub  wear  patterns  and  engine  operating  history.  Direct  clearance  measurement  j 

oomes  from  various  types  of  probes  (capacitance,  mechanical  touch,  laser)  and  from  high  energy  X- radiography, 

which  is  capable  of  measuring  sealing  clearances  within  an  accuracy  of  *0,07  mm  (*0.009  in.)  (Ref,  42),  In  this  re-  I 

gard  Ref.  42  claims  both  steady-state  and  transient  clearance  can  be  measured  and  useful  data  obtained  on  j 

(1)  Axial  and  radial  clearances  of  labyrinth  seals  j 

(2)  Radial  blade  tip  clearances  j 

( 

(3)  Rotor/stator  axial  clearances  j 

(4)  Component  deflections.  ' 

I 

Reference  43  describes  a unique  laser  optical  probe,  which  Is  capable  of  measuring  blade  tip  olearanoea  in  | 

compressors  and  turbines.  (For  turbine  applications  a small  cooling  flow  of  nitrogen  gas  is  used  to  keep  probe  in-  j 

teraal  parts  cool, ) The  prlnolpsl  of  operation  is  based  on  reflected  light  triangulation  ss  indicated  in  Fig.  42  from  j 

Ref.  43,  Light  from  a point  source  is  reflected  from  each  blade  tip  as  it  passes  by  the  probe,  and  the  clearance  \ 

reading  is  an  average  of  all  the  blades  (current  research  looks  at  Individual  blade  clearances).  A ohsnge  in  clear- 
ance oauaea  a shift  of  the  reflected  light  such  that  it  falls  on  a different  section  of  the  output  fiber  optic  bundle.  Ac- 
curacies of  *0.026  mm  (0. 001  In. ) are  claimed,  and  a probe  temperature  environment  of  1311  K (1900°  F)  oan  be 
tolerated.  A significant  feature  la  that  the  high  response  of  the  system  (O.txlO-6  see)  permits  transient  clearance 
measurements. 

0.  GA'  PATH  SEALING  MATERIA  LB 

If  gas  path  sealing  clearances  are  going  to  be  rodeoed  to  a practical  minimum,  some  rubbing  contact  must  be 
tolerated  in  order  to  compensate  for  eooentrlolllaa,  machining  tolerance  a,  out-of-roundnaos,  vibrations,  etc. 

Ideally  these  rubbing  contact*  may  be  classified  into  the  following  two  types; 

(1)  Low  energy  rub  - Low-eaargy  rubs  obtained  several  ways,  One  is  through  the  use  of  abrsdable  materials, 
whloh  are  designed  to  wear  Instead  of  producing  wear  In  the  blade  or  labyrinth  tooth  (lliese  approaches  are  dis- 
cussed later). 

(2)  Abrasive  - Drum  rotors  generally  have  bonded  abrasive  coatings  which  protect  the  rotor  from  wear  and 
promote  vane  tip  wear  in  oaae  of  interference.  These  coatings,  which  are  usually  hard  oxides,  also  mitigate  ther- 
mally induced  expansions  of  the  rotor,  which  would  aggravate  the  rub  and,  therefore,  induce  thermal  feedback  whloh 
could  end  in  a catastrophic  failure . 

A major  factor  that  controls  rub  material  seleotlon  la  the  operating  temperature.  In  the  odder  sections  (fan 
and  low  pressure  turbine)  sprayed  and  molded  polymer  systems  are  suitable.  But  In  the  high-pressure  compressor, 
the  higher  temperatures  require  metal  systems  such  as  sprayed  nickal /graphite.  The  high-presaure  turbine 


require*  very  high  temperature  oxidation  real  at  ant  materials  which,  in  general,  are  not  abradable  and  do  not  provide 
low  energy  rubs.  Finally,  the  low-pressure  turbine  can  use  some  of  the  materials  suitable  for  the  high  pressure 
compressor  but  honeycomb  shrouds  are  the  most  popular. 

Rub  material  for  over  fan  blade  tip  should  be  abradable  or  have  a low-energy  rub  property  to  prevent  blade  wear. 
In  addition,  the  fan  rub  material  is  usually  configured  to  enhance  aerodynamic  stability  (Improve  fan  stall  margin) 
and  aoousticai  damping.  One  oomrnon  shroud  material  uaed  Is  aluminum  honeycomb,  which  is  readily  deformed  by 
fin  blade  penetration.  However,  wear  to  blade  tips  oan  be  a problem;  further,  the  honeyoomb  material,  which  is  a 
rough  aurfaoe  from  an  aerodynamic  standpoint,  has  an  associated  efficiency  penally  as  compared  with  smooth  rub 
material.  Referenoe  44  reports  a 2.  S percentage  point  loaa  for  honeyoomb  rub  material  as  compared  to  a fan  with  a 
smooth  shroud.  The  stall  margin,  however,  improved  12%  (see  Fig.  43). 

Other  types  of  fan  shroud  rub  material  are  elastomer  and  polymer  base  oompo sites,  which  sometimes  contain 
fillers  of  hollow  glass  spheres  to  improve  abradability.  These  rub  shrouds  usually  contain  grooves  or  slots,  which 
improve  the  still  margin  by  stabilizing  the  fan  flow  near  the  tip.  Considerable  data  have  been  published  (see  Refs. 

45  to  47)  on  the  effectiveness  of  various  geometric  patterns  in  the  fan  shroud.  A potential  problem  with  use  of  some 
polymerio  type  materials  in  the  low-pressure  compression  system  is  the  considerable  amount  of  rub  material  dust 
created  during  a very  hard  rub  under  an  adverse  operating  condition.  This  dust  has,  on  occasion,  exploded  In  the 
high-preieure  compressor. 

In  ths  high-pressure  compressor  higher  temperature  shroud  materials  (metal,  graphite,  etc . ) are  required  be- 
cause the  discharge  temperatures  are  near  922  K (1200°  F)  In  some  modem  engines,  and  will  be  even  higher  in  ad- 
vanced engines.  Currently  uaed  rub  materials  over  blade  tips  (outer  air  sealing)  are  designed  to  mitigate  blade  wear 
by  serving  as  low-energy  rub  or  ssorifioial  material.  Three  different  typea  of  low-energy  rub  materials  are  uaed 
(Fig.  44).  The  sintered  metal  system  (density  30  to  40%)  of  Fig.  44(a)  is  representative  of  an  abradable  type  mate- 
rial, since  blade  (or  labyrinth  tooth)  penetration  breaks  off  sintered  particles.  The  material  effectiveness  la  often 
measured  by  the  ratio  of  material  wear  to  blade  wear;  a ratio  of  10:1  being  considered  a satisfactory  abradability 
property.  Abradability  oan  be  readily  achieved  by  lowering  density,  but  this  increases  the  susceptibility  to  erosion, 
Thus,  a baaic  difficulty  is  obtaining  acceptable  abradability  yet  maintaining  adequato  erosion  resistance. 

The  sintered  metal  fibers  depicted  in  Fig.  44(b)  are  plastically  deformable  rather  than  abradable  and  are  usually 
about  20%  dense.  Blsde  (or  labyrinth  tooth)  penetration  may  density  the  material  (as  indicated  schematically)  and 
this  Increases  the  rub  Intensity. 

A third  type  used  in  outer  air  waling  is  the  low-shear-strength  100%  denae  material  (Fig.  44(c)):  sprayed 
aluminum  ia  an  example.  Blade  penetration  readily  machines  away  the  easily  sheared  material  without  exoesaive 
wear  to  the  blades.  However,  the  machining  debris  tends  to  stick  on  downstream  airfoils  and  cause  aerodynamic 

losses. 

Studies  of  Ref,  48  indicate  a tendency  for  blade  wear  when  the  penetration  rate  is  low  (typioal  blade  penetration 
rates  range  between  0 . 00025  to  0 . 025  era/wo  (0.0001  to  0 . 01  in/eeo) . As  yet,  a fully  satisfactory  material  has 
not  been  developed  for  outer  gas  path  sealing . Blade  v ear,  erosion  or  aerodynamic  loaa  remain  oonsletent 
problems.  None  have  all  the  desirable  properties,  which  are: 

(1)  No  blade  wear  | 

> a general  problem 

(2)  low  energy  rub  j 

(3)  Innocuous  debris  (a  problem  in  sprayed  aluminum  and  eome  polymers) 

(4)  Erosion  resistance^ 

(6)  Impermeability  > a problem  In  porous  materials 

(6)  Smooth  surface  J 

(7)  Easy  repair  (a  problem  in  braaed  assemblies) 

Labyrinth  shrouds  for  oomprsssor  inner  gas  path  sealing  are  depicted  in  Fig.  45;  all  are  designed  to  produce 
a low  energy  rub  as  compared  with  a 109%  dense  metal  shroud.  In  the  high  speed  rubs,  which  take  place  between 
the  shrouda  and  rotor,  the  rub  mechanisms  and  associated  wear  are  not  well  characterized  for  currently  uaed 
material  ooupies.  Theoretical  atudiea  (Ref.  40)  on  rotor /ahroud  Interaction  predict  the  formation  of  "thermal 
bumps"  or  hot  spots  which  apparently  govern  the  wear  process.  These  hot  spots  are  the  result  of  ths  nail-elastic 
surface  InstabiliUea  produced  by  contact.  For  example,  experimental  data  show  that  whan  a labyrinth  knifa  edge 
rubs  against  a shroud  segment,  the  rubbing  oan  take  place  over  Just  a email  segment  (-5°  arc)  of  ths  380°  of  tooth 
edge  (eee  Fig.  48).  Thus,  Am  heat  input  la  highly  localized,  and  a local  thermal  bump  is  generated  which  expands, 
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rubs  harder,  and  finally  wears  away.  This  is  then  followed  by  rubbing  over  a second  small  segment  which  grows  and 
thon  wears,  etc.  Evldenoe  of  localized  rubbing  is  indicated  by  the  heat  discoloration  of  the  tooth  edge.  This  typo  of 
local  rub  interaction  has  been  investigated  from  a fundamental  standpoint,  and  a considerable  body  of  data  exist,  for 
example,  sec  Refs.  50  and  51. 

Thermal  elastic  instabilities  apparently  occur  on  the  blade  tips  as  well  as  on  the  casing  rub  material.  The  most 
adverse  operating  environment  from  a sealing  viewpoint  is  in  the  high-pressure  turbine.  Here  the  g*B  temperatures 
in  some  modern  engines  are  in  the  range  of  1700  K (2800°  F),  In  addition  to  the  losses  due  to  blade  tip  clearances, 
which  were  previously  pointed  out,  there  is  a considerable  efficiency  penalty  associated  with  oooling  of  the  turbine 
cane  rub  shroud  material  (outer  air  seal),  in  small  engines  this  rub  shroud  is  a single  ring;  in  large  engines  It  is 
constructed  of  segments.  Typically  each  segment  la  impingement  cooled  and  la  held  in  place  by  a cooler  outer  oase 
structure.  Figure  7(a)  ahowa,  in  crosn-sectlon,  a typical  segment  and  associated  attachment  structure. 

Turbine  rub  shroud  materials  used  are  generally  not  abradable  and  turbine  blade  tip  wear  la  a general  problem. 
Transfer  of  the  blade  material  to  the  rub  shroud  surface  can  precipitate  a buildup  of  material  which  causes  blade 
wear.  This  moohanitm  is  not  fully  understood. 

Commonly  used  rub  materials  are  a cast  high-temperature  oobalt  base  alloy,  and  sintered  N1A1  and  NiCrAlY 
powders  (Ref.  1).  For  long-term  operation  these  materials  must  be  cooled,  by  impingement  and  film  oooling  tech- 
niques, to  temperatures  in  the  range  of  1311  K (1900°  F),  Nevertheless,  thermal  stress  cracking,  loss  of  dimen- 
siunal  stability,  and  erosion  remain  current  problems.  The  oooling  requirement  in  terms  of  engine  airflow  can  be 
as  high  as  1%  to  2%,  depending  on  the  tuiblne-in)nt  temperature.  This  high  oooling  penalty  Is  one  reason  why 
ceramio  rub  materials,  which  require  less  cooling,  are  being  developed. 

The  use  of  ceramic  material  allows  higher  rub  shroud  surface  temperature*.  Further,  ceramics  require  less 
oooling  air.  The  potential  cooling  airflow  reduction  Is  indicated  in  Fig.  47,  which  shows  for  a 1811  K (2800°  F) 
turbine- inlet  temperature  and  a surface  temperature  of  1700  K (2600°  F),  that  the  oooling  air  requirement  is  signifi- 
cantly less  than  when  the  surface  temperature  must  be  held  to  1368  K (2000°  F);  Fig.  47  indicates  a reduction  from 
2:1%  to  0.3%  of  engine  flow  (Ref,  52), 

An  advanced  ceramic/metal  shroud  being  developed  (Ref.  S3)  is  shown  in  Fig.  48.  It  is  produced  by  thermal 
spraying  ooramio/metai  layers  on  a metal  substrate  of  a heat  resistant  metal  alloy.  The  first  step  in  the  process  is 
to  spray  s 0. 127 -mm  (0. 005-in.)  coating  of  NiCrAlY  on  the  metal  substrate.  This  is  followed  by  a layer  composed 
of  60%  CoCrAlY  and  40%  yttrla  stabilized  elroonla  (Zr02),  Next  oome  successive  layers  of  30%  CoCrAlY/70%  Zr02, 
and  16%  CoCrAlY/85%  ZrOj.  Finally,  the  last  layer,  the  one  exposed  directly  to  the  turbine  gas,  Is  100%  ZrO.,, 

This  graded  layer  system  provides  a gradual  ohange  in  thermal  expansion  coefficient  and  mitigates  the  large 
thermal  expansion  difference  between  the  metal  substrate  and  the  ceramic  layer  next  to  the  hot  gas  stream,  Experi- 
mental studies  (Ref.  S3)  show  that  graded  layer  oeromlc  material  has  adequate  erosion  resistance  at  15SB  K (2400°  F) 
surface  temperature.  Enoouraging  thermal  fatigue  improvement  is  also  reported  but  this  remain*  the  major  problem, 
in  this  regard,  an  analytical  study  of  the  thermal  stresses  during  engine  acceleration  (takeoff)  by  Ref.  54  indicates 
that  the  ceramic  layer  is  probably  subjected  to  excessive  tensile  stresses  under  this  transient  operating  condition. 

7.  CONCLUDING  REMARKS 

Modern  gas  turbines  oontain  a multiplicity  of  sealing  locations;  a large  engine  may  have  over  50  major  dynamic 
sealing  locations;  in  addition,  sealing  is  necessary  at  vane  pivots,  flanges,  duct  Joints,  and  blade  roots.  As  pointed 
out  in  the  discussion,  sealing  can  have  a marked  effect  on  engine  efficiency,  performance  retention,  thrust,  com- 
pressor pressure  ratio,  and  compressor  Stull  margin,  Much  of  the  performance  retention  problem  In  modern 
engines  is  caused  by  increases  in  sealing  clearances,  with  blade  tip  wear  in  the  compressor  and  turbine  being  a 
major  contributor,  Improved  sealing  significantly  increase  air  superiority  mission  radius  and  maximum  dash  dis- 
tance. Also  maximum  thrust  oan  be  improved  significantly.  The  performance  deterioration  trends  suggest  a sealing 
problem  that  will  worsen  as  engine  designs  advance  to  even  higher  pressures  and  temperatures.  Small  engines  re- 
main a particularly  challenging  problem  because  leakage  Is  inherently  more  detrimental  to  efficiency. 

There  are  three  general  approaches  to  increasing  sealing  effectiveness,  these  are: 

(1)  Improved  clearance  control  (reducing  clearances  and  minimizing  the  amount  of  nibbing) 

(2)  improved  "abradable"  material* 

(3)  Increased  flow  energy  dissipation  in  labyrinth  seals. 

Of  the  three  approaches,  clearance  control  holds  the  most  potential  for  Improvement.  To  aohieve  clearance 
ooatrol  Improvements,  we  must  know  more  about  the  relative  displacement  of  the  oase  and  rotor,  particularly  under 


1-13 


transient  conditions,  in  modern  engines,  in  advanced  enginos  more  attention  must  be  given  to  engine  stiffness,  case 
roundness,  case  bending  and  to  case/rotor  dynamics  of  the  total  assembly.  In  this  regard,  more  data  are  needed  on 
various  external  and  internal  aerodynamic  loads  such  as  compressor  surges.  Accurate  prediction  of  case/rotor  dis- 
placements will  require  a large  computational  capability  to  treat  the  total  assembly.  Also,  now  approaches  and  con- 
cepts, such  as  active  clearance  control  (by  case  cooling),  will  i<e  needed  to  mitigate  effeata  of  oase/rotor  differential 
expansion.  Improved  "abradable"  materials  will  provide  some  accommodation  for  eccentrlolty  and  out-of-roundness, 
but  the  clearance  problem  will  probably  not  be  solved  solely  with  improvements  in  rub  materials.  In  fact,  the  im- 
proved clearance  control  approach  can  be  used  to  minimize  rubbing  and  this,  then,  reduces  the  rub  material  problem. 

The  literature  contains  much  data  about  blade  clearance  effects  in  compressors  and  turbines.  Although  there  are 
variances  between  the  published  data,  there  is  agreement  that  clearance  changes  cause  a marked  change  in  compressor 
and  turbine  efficiency.  In  particular,  as  fan  and  compressor  clearsnoes  approach  zero,  the  reported  data  indicate 
a very  significant  improvement  in  component  efficiency . On  the  other  hand,  operation  at  very  close  clearances 
introduces  a potential  for  high  deterioration  rates,  Thus  the  solution  requires  maintaining  close  clearances  for  the 
time  between  normal  overhauls.  In  the  turbines  the  dsta  show  the  clearance  loaa  increasing  with  reaction  rate;  this 
trend  suggests  that  advanced  highly  loaded  turbines  will  have  even  greater  losses  than  indicated  in  the  current  data. 
Thus  advanced  turbines  will  need  to  run  With  close  clearances  to  avoid  high  losses. 

Mathematical  models  for  prediction  of  leakage  over  compressor  and  turbine  blade  tips  are  semiempirloal  expres- 
sions derived  from  cascade  data;  rotation  effects  are  not  included,  There  ia  a need  for  improved  capability  to  predict 
clearance  effeoto  and  for  clearer  insight  regarding  the  significance  of  the  many  parameter  which  apparently  affect  tip 
leakage. 

The  ability  of  various  engine  companies  to  predict  labyrinth  seal  leakage  la  very  good;  the  methods  are  semi- 
empirical  and  Involve  a correlation  with  a large  number  of  experiments.  However,  the  large  number  and  the  impact 
of  labyrinth  seals  on  engine  performance  suggest  studies  should  be  made  to  identify  unique  labyrinth  geomotriea  which 
would  reduce  leakage;  the  potential  gain  is  significant  even  if  the  leakage  reduction  is  nominal.  In  regard  to  labyrinth 
seal  theory,  the  thermodynamic  process  ia  well  understood,  but  analysis  from  a fluid  dynamic)  standpoint  may  shed 
light  on  means  to  increase  the  kinetic  energy  dissipsiion  in  the  lsbyrinth  cavities. 

Experience  indicates  the  need  for  an  Improved  compressor  "abradable"  material.  The  wear  debris  from  this 
material  should  not  stick  on  downstream  air  folia  and  should  not  pose  a dust  explosion  problem  In  the  high-pressure 
compressor.  This  "abradable"  material  also  should  produoo  little  blade  wear,  be  erosion  resistant,  and  havo  an 
impermeable  aerodynamiually  smooth  surface. 

Sealing  over  the  tips  of  the  high-pressure-turbine  blade  is  a current  problem,  which  will  become  moat  critical  in 
advanced  engines.  Ceramic  rub  materials  for  the  case  are  needed  to  reduce  oooling  requirements  and  permit  higher 
operating  temperatures.  These  ceramic  rub  materials  must  be  abradable  (because  close  clearances  will  lead  to  rubs) 
and  dimensionally  stable  to  mitigate  out-of-roundness  and  eccentricity  effects. 

As  with  the  sealing  of  the  primary-gas  flow,  sealing  of  the  internal-gas  flow  is  becoming  more  orltioal  as 
engine's  pressures  and  temperatures  Increase.  There  is  a need  for  improved  technology  in  the  internal-flow  sys- 
tem in  regard  to  purging,  heat  transfer,  and  oooling  flow  control.  In  addition  to  improved  labyrinth  seals  in  the 
Internal-flow  system,  malnshaft  sealing  with  lower  leakage  and  high  pressure  and  speed  capability  would  provide 
efficiency  improvement, 
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TABU  I.  - TYPICAL  DIRECT  OPERATING 


COSTS  (FROM  REF.  3) 


Item 

Fuel  prioe 

30$/gal 

Stt/gel 

60$/gal 

Direct  operating  coat,  % 

Fuel 

31.5 

44.5 

63.6 

Depredation 

28. 5 

20.8 

17.3 

Maintenance 

19.0 

16.4 

12.9 

Crew 

18.2 

14.7 

12.3 

Inauranoe 

6.8 

4.7 

4.0 

Change  In  DOC 

— 

23.6 

47.2 

TABU  II.  - VIBRATORS  AFFECTING  CLEARANCES 


Type 

Exottlng  foroe 

Comment 

1.  Rigid  abaft  whirl 

Rotor  unbelanoe 

Critical  speed  generally  lower 
than  angina  operating  (peed 
end  dl^»leoemente  are 
typloally  email 

2.  Flexible  abaft 

Rotor  uabtltnoo 

Multiplane  belanoim  technology 
la  available  - Implementation 

needed 

3.  Labyrinth  eaal  whirl  foroea 
(tip  ahrouded  bladea  and 
labyrinth  eeala  with  non- 
uniform  clearance*) 

Nonajd  symmetric  preaeure  In 
labyrinth  eaal  which  oauaaa 
a foroe  t ran  averse  to  eooen- 
triotty  dlreotlon 

atudlee  are  needed 

4.  Blade  whirl  foroea 

(ahrouded  and  un ahrouded 
biadae  with  nonuniform 
olearenoee) 

Nonaxiaymmetrlo  blade  load- 
ing due  to  tip  leakage 
oeuaea  a froe  traneverae 
to  eooantriulfy  dlreotlon 

Studlee  are  needed 

6.  Rub  Induced  whirl 

Frictional  foroe  of  labyrinth 
teeth  or  of  bladea  rubbing 

again  at  oaee 

Studies  are  needed 

Rj-I  Modem  transport  en*ine  (from  Reference  1) 


RATIO  OF  DOC  CHANGE  TO 

VARIABLE  CHANGE  MILLION  b/d 
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Flg.2  US  airline  fuel  consumption  by  engine  type  (from  Reference  2) 


SOURCE-  CENTRAL  INTELLIGENCE  AGENCY 

OPEC  PRObUCTIVE 
CAPACITY—- 


DEMAND  TOR  OPEC  OIL 


SUPPLY 

SHORT 

FALL 


Tl 


i i i i i 


1976  77  78  79  80  SI  82  8 3 84  85  86 

YEAR 


Flg.3  OPEC  oil,  supply /demand  gap  (from  Reference  4) 
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SPECIFIC  FUa  POWER  PLANT  ENGINE  ENGINE 

CONSUMPTION  MAINTENANCE  WEIGHT  PRICE 


1'1*.4  Direct  operating  coet-aenaUivity  to  propulsion  eyitem  variable  (from  Reference  S) 


ABRADABLf  MATERIAL 
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Fig.6  Corapit»or  telling  locations 


VANE  PIVOT 


PERCENT  OF  POWER  LOST  P®C£NT  N0XASE.  SFC 


BYPASS  RATIO 


Fig.8  Effect  of  one  percentage  point  increase  in  engine  bleed  on  SFC 
for  various  bypeea  ratioa  and  for  two  pressure  ratios  (Ref.  10) 


LABYRINTH  CARBON  CASE  TURBINE 

SEALS  FACE  SPLIT  VARIABLE 


SEALS  LINES  GEOMETRY 
(FLANGES!  (PIVOTS! 

(b!  POWER. 


Fig. 9 Calculated  effects  of  seal  leakage  In  a 2.3  kg  per  second 
(S  Ibm  per  sec)  sise  engine  (Ref.  1 1) 


CARBON  SEAL  -i 


CARBON  SEAL  i 


__  VENT  TO 


COMPRESSOR  / 
DISCHARGE  / 
LEAKAGE  -/ 


COMPRESSOR  / 
DISCHARGE  / 
LEAKAGE 


TURBINE  DISC 


TURBINE  LABYRINTH 
FOR  COOUNG  FLOW 
CONTROL 


Fin.  10  M ninth  aft  and  high  pressure  turbine  labyrinth  seal  (from  Reference  1) 


MATERIAL 

LABYRINTH 
TOOTH 


(a)  STRAIGHT. 


RUB 


D) STEPPED. 


Fig.  1 1 Labyrinth  seal  types 
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HOUSING 


AIR  LEAKAGE 


AIR  SIDE 


FLOATING  RING 


OIL  SIDE 


<a)  FLOATING  RING  SEAL 


WAVE  SPRING 
AIR  LEAKAGE 


ANTI-ROTATION  PIN 
— - SEGMENTED 


<b)  UNBALANCED  CIRCUMFERENTIAL  SEGMENTED-RING  SEAL 


^ Pv  (COMPRESSOR  BLEED, 
BUFFER  PRESSURE) 


AIR  SIDE 


OIL  SIDE 


fc)  PRESSURE  BALANCED  CIRCUMFERENTIAL 
SEAL  SEGMENTED-RING. 

FI#,  1 5 Clow  clearance  shaft  wall,  circumferential  types 


• -- . -i  ti  in. Ar*r  A * 
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NUMBER  OF  THROTTUNGS 


Fif.20  Labyrinth  seal,  fluid  mechanic  mode'  Fif.21  Plots  of  functions  used  in  EfU  labyrii 

Sbatntiag  the  carry-orer  effect  seal  leakage  equation  (from  Reference  22) 
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EXTRAPOLATED 

FAN  DATA  FROM  REF.  24— 


^1 


£ 6r 


i 1 


*-  DATA  FROM  REF.  1 
(ALSO  SE  HG.  24) 


CLEARANCE/BLADE  HEIGHT,  c/s 

Fig.27  Fan  and  compressor  blade  tip  clearance  sensitivity 


p .88 


I I I L I 

2 4 6 8 10 

AXIAL  TIP  CLEARANCE,  PERCENT  OF  BLADE  HEIGHT 

Flg.28  Variation  of  impeller  peak  efficiency  with  axial  tip  clearance  for  vaneless  diffuaer  test. 
Ratio  of  specific  heat  y - 1.4  (from  Reference  30) 


CLEAR  AN  CE/VANE  HEIGHT,  c/s 


Flj.29  efficiency  penalty  as  a function  of  clearance  to  vane  height  ratio, 
cantilevered  vane  and  drum  rotor  (Ref.  1) 


Fif  .33  Sumy  results  it  rotor  exit  at  design  equivalent 
speed  and  pressure  ratio.  (Ref.31) 
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§i.« 


SOURCE 

TURBINE 

Rx 

(1-(tj/t)o)Ix100 

% tip  clearance  \ 

REF.  32 
REF.  34 

IMPULSE 

REACTION 

0 

.890 

0.8-1 

1.5 4 / C33BIADE 

REF.  32 

IMPULSE 

0 

ioW  PBWDE  i 

1 ! 

REF.  33 
REF.  34 

REACTION 

REACTION 
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ROTOR  TIP  CLEARANCE,  PERCENT  Of  STATOR  BLADE  HEIGHT 


Fig.34  Effect  of  rotor  tip  clearance  on  performance  for 
variou*  turbine*  (from  Reference  34) 


CASE 

INSIDE 

DIAMETER 


T 

EX- 

TENSION 


III  BLADE  TIP  DIAMETER  EQUAL  TO 
CASE  INSIDE  DIAMETER  (OP- 
TIMUM GEOMETRY). 


t»  BLADE  TIP  DIAMETER  LARGER 
THAN  CASE  INSIDE  DIAMETER. 


Fig.35  Reccieod  cate  configuration 


Flg.37  Nutrition  of  vuiition  in  cue  to  rotor  durance  during  engine  operation 


0 100  200  300  400 

TIME  AFTER  START,  sec 


Fig. 38  Turbine  blade  tip  clearance  vt  time  (from  Reference  37) 


Fig.39  Propulilon  system  static  deflection  due  to  inlet  lift  (from  Reference  38) 


TO  PRODUCE  WHIRL 


Fi|.40  Eccentric  labyrinth  seal  end  blade  whirl  model 


FOR  PA>PB  ROTATING  COMPONENTS  SUPPORTED  AT  IMLET  HAVE  FAILED, 
STATORS  SUPPORTED  AT  EXIT  HAVE  NOT  FAIUD 

FOR  PB>P»  ROTATING  COMPONENTS  SUPPORTED  AT  EXIT  HAVE  NOT  FARED, 
STATORS  SUPPORTED  AT  INLET  HAVE  FARED 


Fi|.4 1 Effect  of  teal  component  support 


PRESSURE  RATIO  EFFICIENCY, 


POINT  LIGHT 
SOURCE 


COHERENT  FIBER 
OPTIC  BUNDLE 


INPUUENS  - 

SHROUD  SURFACE  . 

1 

TIP  CLEARANCE  A *”[ 


OUTPUT  LENS 


B TIP  CLEARANCE 


BLADE  TIP 

UfiHT  REFLECTED  FROM  THE  BLADE  TIP  IS  FOCUSED  THROUGH  THE  OUTPUT 
gg»£  IS  INCIDENT  ON  THE  COHERENT  FIBER  OPTIC  BUNDLE  AS  WE  ' 

FI# .42  Later  optic  clearance  probe  (Ref.43) 
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III  SMOOTH  CASING. 


ft)  HONEYCOMB  CASING. 


Fi«.43  Fan  performance  at  a ftinctlon  of  eating  type,  1 00%  <le»i*n  apaetl 
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Fig. 47  Cooling  air  flow  requirement  for  high  preuure  turbine 
outer  air  teal  (data  from  Reference  52) 
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details 


Pig.48  Typical  engine  real  wgmcnt  (Ref.53) 
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DISCUSSION 


AR. Stetson,  US 

Dr  Ludwig  mentioned  the  ceramic  seal,  the  one  which  has  been  developed  with  Pratt  & Whitney  under  the  navy 
sponsorship. 

How  has  that  performed,  has  it  been  actually  tested  in  the  engine? 

Author’s  Reply 

Data  on  the  ceramic  segment  for  high  pressure  turbine  outer  r*ir  sealing,  which  w as  developed  by  Pratt  & Whitney, 
is  given  in  Reference  52  of  the  paper.  To  my  knowledge,  the  seal  has  not  been  developed  to  the  point  where  it  la  a 
bill-of-material  component  for  an  engine.  The  purpose  of  the  discussion  in  the  paper  on  the  ceramic  segment  was 
to  point  out  current  areas  of  work  and  to  show  the  potential  gains  associated  with  ceramic  outer  air  seals. 


D.K.Hennecke,  Germany 

In  one  of  your  last  slides  you  show  a photograph  (not  contained  in  the  printed  paper)  of  liner  segmenta  which 
appear  to  be  perforated  in  order  to  facilitate  full  coverage  film  cooling  or  effusion  cooling.  An  the  liner  segments 
indeed  perforated  by  such  holes  and,  If  so,  don’t  these  holes  get  clogged  when  the  rotor  blades  rub  into  the  liner 
segment*? 

Author’s  Reply 

The  photograph  of  the  turbine  seal  iiner  segments  shows  a sintered  mateiial  with  a honeycomb  supporting  structure. 
There  are  no  cooling  holes.  Cooling  is  achieved  by  impingement  jets  against  the  back  of  the  supporting  structure 
and  by  film  cooling  which  originates  further  upstream. 


F.Wilikop,  Germany 

In  your  Figure  34  one  can  sec  that  you  have  achieved  the  best  efficiency  when  the  blade  is  running  In  a pocket  of 
the  casing  Now  your  picture  shows  this  blade  running  in  a very  narrow  pocket,  but  in  practice  we  have  an  axial 
movement  between  case  and  rotor  and  you  need  an  elongated  pocket,  We  have  met  contrary  results  to  this. 

Could  you  comment  on  your  experience  in  the  case  you  have  axial  movement  of  the  rotor? 

Author’s  Reply 

We  would  agree  that  elongation  to  accommodate  axial  movement  will  act  to  decrease  any  benefit.  Thus,  this 
recessed  configuration  Is  only  useful  In  those  locations  where  axial  motion  Is  small.  For  example,  turbines  in 
certain  small  engines,  and  in  the  compressor. 


D.A.Campbell,  UK 

The  clearance  of  certain  seels  is  much  affected  by  shaft  whirl,  and  the  prediction  of  whirl  amplitudes  Is  therefore 
Important.  It  is  suggested  that  these  amplitudes  are  significantly  affected  by  the  mechanical  damping  produced  by 
features  of  the  normal  engine  construction  and  also  most  particularly  by  special  devices  such  as  squeeze  film 
bearings.  It  Is  therefore  very  desirable  to  Include  these  effects  In  dynumlc  models  of  shaft  bchaviout. 

Author’s  Reply 

We  agree  with  your  statement  that  squeeze  film  dumpers  are  particularly  useful  in  mitigating  whirl  amplitudes,  but 
in  regard  to  the  mechanical  damping  produced  by  the  normal  engine  construction  features,  it  la  known  that  apllno 
friction  (Coulomb  damping)  when  operating  above  the  bending  critical  can  be  detrimental.  In  general,  nonrotating 
dumping  features,  both  viscous  and  Coulomb,  ere  beneficial  below  and  above  the  bonding  critical,  and  rotating 
damping  features  are  detrimental  above  the  bending  critical  but  beneficial  below  the  critical. 


A. Moore,  UK 

Figure  45  shows  various  types  of  abradable  systems.  Can  you  please  comment  on  the  losses  associated  with  using 
these  types  of  abradable*,  i.e.  the  loss  above  that  of  a solid  liner  when  running  at  the  same  clearance. 

Author's  Reply 

1 am  familiar  with  the  work  being  reported  on  in  Paper  No,  13  on  labyrinth  seals  and  can  say  that  your  question  is 
answered  in  detail  in  this  paper.  But,  in  general,  two  effects  show  up  in  porous  abradable*  as  compared  to  a smooth 
solid  surface.  First,  the  porosity  allows  a certain  leakage  in  excess  of  that  when  using  solid  surfaces;  this  porosity 
effect  being  a greater  percentage  of  the  total  leakage  and,  therefore,  more  pronounced  at  low  clearance*.  The 
second  effect  is  due  to  surface  roughness.  Porous  materials  may  have  very  rough  surfaces  from  sn  aerodynamic 
viewpoint.  In  labyrinth  seals,  this  i;s  beneficial  since  surface  roughness  promotes  turbulence  end  Increases  the 
dissipation  between  labyrinth  teeth.  However,  whun  abradable  materials  are  uaed  over  compressor  blade  tips,  the 
surface  roughness  introduces  an  aerodynamic  penalty. 


) 
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B.Wrigley,  UK 

Cun  Dr  Ludwig  comment  on  the  significance  of  lining  materials  on  the  thermal  time  constant  of  the  static  member 
and  is  any  particular  material  shown  to  be  advantageous? 

Author'a  Reply 

1 have  no  quantitative  data  on  the  significance  of  the  thermal  time  constant  of  various  lining  materials.  Since  in 
general,  the  case  responds  faster  to  changes  in  gas  stream  temperature  than  the  rotor,  it  is  desirable  to  slow  down 
the  case  response.  Therefore,  casing  lining  materials  with  low  thermal  conductivity  should  be  beneficial.  This 
suggests  that  from  a thermal  time  constant  standpoint,  the  porous  materials  would  be  preferred  over,  say,  sprayed 
aluminum.  So  the  general  comment  can  be  made  that  those  lining  materials  which  are  made  porous  (sintered  felt 
metals  etc.)  for  rub  reasons  have  an  added  advantage  of  low  thermal  conductivity  which  tends  to  slow  down  the 
stator's  thermal  response  to  the  gas  stream  temperature.  Also,  it  has  occurred  to  some  that  an  insulation  coating 
(such  as  ZrO,)  applied,  for  example,  to  the  inside  of  a titanium  compressor  case  would  slow  down  the  thermal 
response  and  lh  addition  would  provide  rub  protection  of  the  titanium  case  in  the  event  of  an  extreme  rotor 
imbalance.  However,  coating  adherence  needs  to  be  demonstrated. 


| D.G.Alnley,  UK 

I agree  the  author’s  conclusion  that  a major  problem  is  to  achievo  better  control  of  clearance.  Does  the  author 
( have  any  news  whether  in  relation  to  current  engine  design,  the  major  gains  to  be  won  will  arise  from  greater 

attention  to  reducing  elastic  flexibility  of  rotor  system  throughout  the  operating  speeds  or  from  greater  attention 
, to  closer  thermal  matching  between  rotor  and  stator  components?  , 

Author’s  Reply 

In  regard  to  which  approach  (reduced  system  flexibility  or  better  thermal  match)  will  provide  the  most  gains,  I 
think  that  both  hold  much  potential  for  Improvement,  especially  in  large  engines.  Of  course,  in  the  fan  and  low 
I pressure  compressor  the  system  flexibility  is  more  important  than  the  thermal  matching.  But  in  the  high  eom- 

! pressor  and  in  the  turbine,  both  thermal  matching  and  system  flexibility  sre  critical. 


GTUUa,  UK 

1 was  interested  to  hear  you  talk  about  the  situation  with  seals  where  the  heat  generated  in  the  rub  can  cause  added  ' 

expansion  and  lead  on  to  catastrophic  failure.  ! 

I wonder  if  you  could  go  into  more  details  about  the  important  parameters,  of  that  mechanism  and  in  particular  I 
am  interested  to  know  whether  the  size  of  the  fin  is  Important  because  it  provides  extra  surface  from  which  heat  ! 

is  lost  by  conveotion  rather  than  conduction  is  effective.  Do  you  have  a prediction  method  for  determining  i 

whether  this  happens  or  do  you  know  that  one  exists? 

Author’s  Reply  ' 

At  NASA,  we  have  made  only  a few  analyses  on  failure  due  to  the  thermal  effect  of  rubbing.  In  one  particular  case, 

the  labyrinth  teeth  were  carried  by  a rotating  spacer  (spacer  between  stages)  and  the  relative  mass  of  the  spacer  was 

1/3  that  of  the  stator  mass.  Therefore,  the  spacer  mass  heated  up  faster,  and  the  analysis  indicated  that  a catastrophic 

failure  (loss  of  strength  with  increasing  temperature)  could  be  initiated  by  two  seconds  of  hard  rubbing.  . 

We  did  not  consider  heat  convection  as  related  to  the  fin  size;  I do  not  recall  anyone  suggesting  that  it  is  an  important  ' 

factor,  although  it  may  be  very  significant.  1 

It  is  Important  to  note  that  rubbing  can  take  place,  on  a labyrinth  tooth,  over  a very  short  arc  (see  Figure  46  of  j 

Paper  No.  1).  This  is  a complication  from  a heat  transfer  calculation  standpoint  and  the  practical  importance  of  the 
formation  of  the  short  arc  length  thermal  bump  has  not  been  determined. 

The  factors  which  determine  whether  a labyrinth  seal,  when  experiencing  a rub,  will  enter  into  a catastrophic  failure 

are:  (1)  rub  severity  (function  of  tooth  width,  robbing  velocity,  penetration  rate  and  material  properties);  (2)  heat 

conduction  into  the  rotor  (functions  of  tooth  width,  circumferential  extent  of  the  rub,  thermal  conductivity,  thermal 

dlffualvity,  rotor  mass  and  length  of  time  of  rubbing);  (3)  relative  expansion  of  the  rotor  and  (4)  wear  rates  of  rotor  j 

and  stator.  j 

In  regard  to  a prediction  method  for  assessing  various  designs  for  a mb  induced  catastrophic  failure,  1 am  not  aware  j 

of  any  published  methods.  : 


P.Suter,  Switzerland 

I think  that  one  major  problem  area  concerning  control  of  clearance  between  stator  and  moving  blades  is  represented 
by  the  non-uniformity  of  the  temperature  profile  caused  by  the  combustion  chamber  performsnee,  eventually  more 
Important  than  rotor  dynamics  or  stator/rotor  inertia  difference  effec). 

Author's  Reply 

Dr  Suter’s  comment  Is  correct  and  1 agree  that  the  non-uniformity  of  the  temperature  profile  caused  by  the  com- 
bustor is  the  major  faotor  In  the  clearance  problem  of  high  temperature  turbines.  This  non-axisymmotric  effect  is 
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aggravated  by  non-uniform  cooling  and  bv  non-axisymmetric  structures.  The  resulting  out-of-roundness  in  large 
engines  is  estimated  to  be  as  high  as  0.05  to  0.10cm  (based  on  seal  and  blade  wear  data).  However,  there  are  other 
important  clearance  factors  such  as  the  transient  response  of  the  case/rotor  which  require  that  the  assembled 
clearance  be  large  enough  to  avoid  rubbing  on  engine  acceleration  or  deceleration  (see  Figure  37  in  Paper  No.l ). 
Thus  cruise  clearance  is  set  by  transient  rub  considerations  and  not  by  the  steady  state  thermal  condition  at  cruise. 
To  decrease  this  large  cruise  clearance,  some  large  engines  have  active  clearance  control  which  shrinks  the  turbine 
case  by  use  of  cooling  air  once  the  aircraft  is  in  a cruise  condition. 

I agree  that  thermal  out-of-roundness  is  probably  a larger  factdr  than  transient  thermal  response;  but  both  are 
significant  and  each  requires  a different  solution.  Thermal  out-of-roundness  reduction  means  more  attention  must 
be  given  to'axisymmetrlc  structures  and  to  temperature  distribution;  also  abradable  materials  would  help  to  solve 
this  problem,  i 


A.M. Campling,  UK 

Regarding  the  multilayer  metallic/ceramic  abradable  seal  element  under  development. 

Was  the  coating  designed  to  be  abradable  or  abrasive?  If  abradable,  what  degree  of  erosion  was  experienced? 

If  abrasive,  what  degree  of  wear  was  experienced?  Has  any  difficulty  been  found  in  controlling  the  hardness  of  the 
final  ceramic  deposit? 

Author's  Reply 

The  ceramic  coating  is  designed  to  be  abradable.  Tests  have  shown  that  the  ceramic  coating  has  a higher  erosion 
resistance  than  currently  used  metal  systems,  Basically,  this  improved  erosion  resistance  is  due  to  the  fact  that 
ceramics  generally  have  good  erosion  resistance  when  the  particle  impingement  angle  is  small;  and  in  an  engine  the 
impingement  angle  is  about  20°.  Also,  tests  have  shown  that  the  blade  wear  is  less  than  that  for  metal  systems  when 
the  incursion  rate  is  about  0.0025  cm/sec.  In  regard  to  flu  hardness  of  the  final  ceramic  deposit,  this  depends  on 
control  of  many  parameters  In  the  spray  process  and  these  controls  need  to  be  improved. 
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SUMMARY 

The  ^..^rovcraentc  in  engine  performance,  to  be  gained  by  maintaining  close 
clearances  in  various  rotating  seals  within  a gas  turbine,  are  Essential  to  its 
economic  operation.  In  many  cases,  therefore,  this  makes  the  use  of  coatings  in 
these  seals  mandatory. 

Abrasive  coatings  are  used  in  some  applications  and  in  general  arc  satisfactory . 
However  abradable  coatings  are  most  widely  used,  and  these  are  found  in  many  seals 
throughout  a gas  turbine  engine  from  the  fan  to  the  turbine.  These  coatings  therefore 
have  to  cope  with  a temperature  range  from  a little  above  ambient  to  1 250°K.  Test 
methods  exist  for  laboratory  and  rig  evaluation  of  coatings,  and  these  are  discussed, 
but  improved  methods  for  evaluation  of  erosion  and  abradability  are  required. 

To  overcome  shortcomings  in  current  abradable  coating  materials,  many  are  at 
present  being  tailored  specially  to  meet  the  conditions  in  particular  seals  within 
an  engine.  Thip  means  that  there  are  several  different  coatings,  within  any  given 
engine,  each  having  a limited  range  of  use. 

New  coatings  are  still  required  which  can  be  used  in  a wide  range  of  applications 
throughout  an  engine.  There  is,  in  particular,  an  urgent  need  for  abradable  materials 
which  can  be  used  in  turbine  seals  covering  a temperature  range  from  07O°K  to  1 250°K. 


1.0  INTRODUCTION 

The  maintenance  of  close  clearances  at  the  various  rotating  seals  is  essential  to 
the  economic  operation  of  a gas  turbine.  It  is  now  common  practice  to  apply  coatings 
to  one  or  both  sealing  surfaces  to  permit  them  to  come  into  rubbing  contact  without 
incurring  significant  damage  and  with  the  minimum  of  wear.  The  seals  can  then  operate 
safely  with  a minimum  theoretical  clearance  of  zero.  The  designers  can  therefore 
specify  closer  operating  clearances  than  would  otherwise  be  possible. 

In  the  compressor,  blade  tip  clearances  affect  both  the  efficiency  and  the 
handling  of  the  engine.  Excessive  clearance  at  maximum  r.p.m.  results  in  a power  loss 
and  an  increased  specific  fuel  consumption  (s.f.c.).  Excessive  clearance  during 
acceleration  can  reduce  the  surge  margin  and  limit  the  permissible  amount  of 
overfuelling  thus  reducing  the  acceleration  rate. 

Turbine  tip  clearances  also  have  a significant  effect  on  s.f.c.  On  some  small 
modern  high  pressure  turbines  an  increase  in  the  clearance  over  the  blade  shrouds  of 
,127  mm  (0,005  in.)  may  result  in  an  increase  in  s.f.c.  of  0,5ft. 

The  higher  rim  speeds  and  higher  top  cycle  temperature  needed  for  increased 
power-'.o -weight  ratios  have  led  to  the  adoption  of  unshrouded  H.P.  turbino  rotor  blades. 
This  has  lent  new  importance  to  turbine  blade  tip  clearance,  and  highlighted  the  need 
for  coatings  over  the  blade  tips . 

Clearance  in  the  main  airstream  labyrinth  seals  ie  equally  important  particularly 
where  high  pressure  air  is  involved.  On  * typical  medium  size  high  pressure  ratio 
engine  for  instance,  an  .increase  in  the  radial  clearance  of  the  compressor  delivery 
seal  of  only  ,076  mm  (0,003  in.)  can  mean  an  increase  of  1*  in  specific  fuel  consumption. 

From  the  foregoing,  it  can  be  seen  that  the  subject  of  coatings  for  gas  path  seals 
is  taken  seriously  by  gas  turbine  engine  manufacturers.  Despite  this  however  there  is 
still  a long  way  to  go  before  completely  satisfactory  coatings  are  found.  Many  coatinga 
are  currently  used  in  service  but  most,  if  not  all,  have  shortcomings  e.g.  poor  erorion 
resistance,  toj  little  abradability,  difficult  to  apply  or  repair,  too  expensive,  etc. 

It  become*-  obvious  that  the  requirements  for  suitable  abradable  coat:  ngs  are  very 
stringent  and  difficult  to  meet  and  it  is  hoped  that  this  paper  will  serve  to  explain 
these  requirements,  and  r.ome  of  thj  difficulties,  involved  in  the  hope  that  better  coatings 
will  become  available  in  thr  future. 
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2.0  APPLICATION  OP  COATINGS  IN  ENGINES 


Theca  are  two  basic  seals  in  which  coatings  are  used  in  gas  turbine  engines  i.e. 
blade  path  seals  and  finned  labyrinth  seal  bores.  A general  philosophy  has  in  the  past, 
certainly  in  Rolls-Royce  Bristol  engines,  dictated  the  type  of  coating  chosen  for  the 
various  locations  within  the  engine.  This  was  deternined  by  the  need  to  maintain  the 
balance  of  the  rotating  assemblies,  and  thus  avoid  unnecessary  increases  in  clearances 
caused  by  orbitting  associated  with  rotor  unbalance.  In  effect,  this  meant  that  soft 
abradable  coatings  were  applied  to  static  parts,  or  alternatively  abrasive  coatings 
were  applied  to  rotating  parts)  in  either  case  the  result  was  wear  of  the  static  part. 
In  general,  this  means  abrasive  coatings  applied  to  compressor  spacer  rings  and 
abradable  coatings  elsewhere.  This  philosophy  is  still  generally  adopted,  except  where 
the  coating  is  required  to  perform  other  duties  which  conflict  with  the  rubbing 
requirements. 


Temperature  is  an  important  parameter  to  consider  when  dealing  with  saal  coatings. 
These  coatings  are  applied  throughout  the  engine  from  front  to  rear  and  therefore  cover 
a large  temperature  range.  The  temperatures  within  a gas  turbine  can  generally  be 
split  up  as  follows i- 


Fans  and  L.P.  Compressors  i 
Front  end  H.P. Compressors  t 
Rear  end  H.P. Compressors  i 
H.P.  Turbine  Tip  Seals  s 


280®K  to  400"K 

330°X  to  5B0°K 

700°K  to  B40°K 

Up  to  1 250°K 


The  complete  range  of  temperatures  is  therefore  from  about  2B0°K  to  1 250°K. 
Although  the  ideal,  which  may  one  day  be  achieved,  would  be  to  have  one  common  coating 
applied  throughout  the  engine,  currently  a rang'*  of  materials  is  used  starting  with 
rubbers  and  epoxy  resins  at  the  low  temperature  end,  and  working  through  to  filled 
honeycomb  at  the  high  temperature  end. 

Fig.l  is  a section  through  a typical  fan  engine  showing  some  areas  where  coatings 
are  applied. 


3.0  BASIC  REQUIREMENTS  OF  LC,  TINGS 

3.1  Abrasive  Coatings 

Abrasive  coatings  should  ideally  machine  away  the  opposing  member  cleanly,  without 
smearing,  and  with  the  minimum  of  heat  generation. 

Aluminium  oxide  coating-,  are  used  widely  on  comuresnor  spacer  rings  to  prevent 
damage  to  the  spacer  ring,  which  may  be  a structural  member,  in  the  event  of  a rub 
occurring  on  stator  blade  tips.  Although  soft  coatings  are  normally  used  over  rotor 
blade  tips,  where  there  is  a possibility  of  a titanium  fire,  X.irconia  has  been  applied 
to  the  casing  bore  with  the  d ial  function  of  . roviding  a protective  surface  to  machine 
away  the  rotor  blade  tips  cleanly  and  an  affective  barrier  against  penetration  of  the 
casing  by  burning  titanium,  shou'1  a severe  a tchanical  xailure  occur.  Aluminium  oxide 
is  also  <'.sed  to  minimise  the  we/  t on  labyrinth  seal  fins  used  in  conjunction  with 
soft  coatings. 

Experience  with  these  abr  live  crating*  has  been  very  good  Coring  s cast  number  of 
in-service  engine  hours.  It  is  intended  therefore  to  confine  the  remainder  of  this 
paper  to  abrac.ble  pat /rials  only. 

3.2  Abradable  Coatings 

Abradable  coatings  are  used  in  casing  bores  over  the  blade  tips,  and  in  labyrinth 
seal  bores. 

Ideally,  an  abradable  coating  is  one  which  can  b«  freely  machined  away  without 
causing  wa  u or  significant  heating  of  the  mating  part,  and  yet  is  hard  enough  to 
resist  erosion.  These  are  contradictory  requirements  and  much  of  the  work  on  soft 
coatings  has  been  aims,  at  getting  the  best  compromise.  A really  successful  compromise 
has  not  yet  been  successfully  achieved. 

The  labyrinth  seal  application  is  probably  the  most  difficult  to  meet.  When  the 
thin  fins  on  the  labyrinth  runner  cut  into  the  coating,  the  heat  ganerated  by  friction 
on  the  thin  nurfsces  rapidly  heats  the  small  volume  of  metal  in  the  fins.  This  may 
cause  softening  and  rapid  wear  of  the  tips.  One  paliative  is  to  spray  coat  ths  fins 
with  aluminium  oxide.  This  gives  a rougher  surface  which  cuts  more  efficiently  and 
gensratas  less  frictional  heat.  Even  so,  unless  the  abradable  material  is  very  easily 
machined,  fin  wear  will  occur. 

Severe  erosion  of  the  soft  coating  is  another  feature  of  labyrinth  seal  applications. 
Obviously,  a certain  amount  of  erosion  is  caused  by  sir-borne  dust  passing  through 
the  sea],  but  the  major  cause  is  thought  to  be  the  debris  generated  by  a seal  rub. 
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When  interference  occurs  between  the  finned  rotor  and  the  soft  coat"  -ig,  the  debris 
generated  by  the  rub  is  effectively  trapped  between  adjacent  fins,  see  Pig. 2.  This 
trapped  debris  is  then  carried  around  at  high  speed  and  erodes  more  coating, 
generating  more  debris.  The  process  continues  until  the  fins  retract  due  to  a change 
in  operating  clearance  or  until  there  Is  sufficient  clearance  over  the  fin  tips  for 
the  debris  to  escape. 

The  main  problem  in  finding  suitable  abradable  coatings  is  in  satisfactorily 
equating  the  two  conflicting  requirements  of  erosion  resistance  and  ease  of  abrasion. 

Experience  has  shown  that  coatings  which  are  relatively  soft  but  have  good 
cohesive  strength,  such  as  some  filled  resins  or  rubbers,  can  go  a long  way  towards 
meeting  these  requirements.  Unfortunately,  these  materials  are  only  suitable  for 
the  lower  temperatures.  It  is  unlikely  that  such  properties  can  be  found  in  materials 
suitable  for  higher  temperatures,  i.e.  above  600°K.  For  these  materials,  it  is  moat 
probable  that  the  solution  lies  in  a porous  or  composite  material  having  sufficient 
hardness  to  resist  erosion  but  the  required  amount  of  cohesion  to  again  resist  erosion 
but  allow  good  abradability. 


4.0  TYPES  OF  COATING 


The  conflicting  requirements  of  easy  machinability  and  good  erosion  rasistance 
have  led  to  a number  of  different  approaches  to  the  abradable  lining  problem.  These 
fall  basically  into  five  groupsi 


(i)  Filled  resin  mixtures,  where  the  filler  is  included  to  give  good  machinability 
to  a reasonably  tough  resin. 


(ii)  Micro-balloon  filled  coatings.  These  consist  of  a mass  of  minute  hollow  thin 
walled  spheres  held  together  by  a tough  organic  binder. 


(iii)Flame  sprayed  coatings,  both  combustion  and  plasma,  which  rely  mainly  on  their 
friable  structure  for  machinability. 


(iv)  Sintered  metal  fibres. 

(v)  Thin  walled  honeycomb  filled  or  unfilled. 


The  organic  abradables  used  in  Rolls-Royce  engines  include  gr&phi ta-epoxy 
compositions,  glass  raicrosphere-epoxy  compositions,  and  talc-epoxy  compositions. 

Some  of  these  materials  have  been,  and  are,  proprietary  materials  and  some  have  been 
and  are  being  developed  'in-house'  by  Rolls-Royce.  Theme  materials  vary  in  temperature 
capability  up  to  approximately  500  K and  are,  therefore,  only  suitable  for  use  in  fan 
and  compressor  casings. 


Early  graphite-epoxy  coatings  were  applied  by  a paint  rpray  technique,  using 
thinners.  Many  thin  coats  had  to  be  applied,  and  although  the  coating  was  quits 
successful  in  engine  use  the  length  of  time  to  apply  it,  and  hence  the  relatively  high 
cost,  initiated  the  research  for  more  suitable  coatings.  Trowellable  room  temperature 
and  heat  curing  graphite  filled  epoxy  compositions  have  been  developed  which  have 
maximum  service  temperatures  of  470  K and  500  K respectively.  In  some  cases,  surfacing 
of  the  uncured  material,  using  a template,  has  eliminated  the  need  for  a post-cure 
machining  operation. 


A talc-epoxy  coating  has  also  been  developed  which  is  a one  pack  putty-like 
material  stored  in  refrigerated  containers.  When  required  for  use  the  material  is 
allowed  to  reach  room  temperature  after  which  it  is  formed  into  strips  of  suitable 
dimensions  and  pressed  or  rolled  onto  s suitably  primed  surface.  This  coating  is 
suitable  for  use  up  to  470°K. 


Micro  balloon  filled  coatings  used  have  included  a proprietary  room  temperature 
curing  material,  3 M's  EC. 3524.  This  coating  is  used  for  filling  voids  and  consists 


of  hollow  glass  microspherea  in  a two-pack  opoxy  resin  which  is  applied  by  trowelling, 
'is  machined  off  after  the  filler  has  cured.  Unfortunately, 


opo> 

Surplus  material  is  machined  off  after  the  fil] 
material  has  limited  use  as  it  is  only  suitable  for  use 


this 


up  to  370  K. 


Coatings  consisting  of  silica  micro  balloon  filled  'rubbers'  are  also  being  used 
and  developed. 


The  flame  sprayed  coatings  used  are  all  proprietary  materials,  but  a considerable 
amount  of  'in-house'  development  work  is  done,  to  optimise  the  material  for  a particular 
application,  by  variation  of  the  spraying  parameters.  Some  of  the  materials  currently 
being  used  and  developed  are  nickel/graphit#  produced  by  Sherri tt  Gordon,  8*  silicon/ 
aluminium  4 graphite,  boron  nitride/aluminium  bronze,  boron  nitrlde/nickel  chrome  4 
aluminium,  nickel/aluminium,  nickel/chrome/aluminium,  6*  silicon/aluminium  + polyester 
resin,  all  produced  by  Metco. 


Sintered  metal  fibres  are  being  used  for  come  applications  and  these  include 
Peltmetal  produced  by  the  Brunswick  Corporation  and  O.H.P.  Pelt  produced  by  Heurchrome. 
These  materials  are  available  in  strips  and  have  to  be  bonded  or  brazed  onto  the  component 
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requiring  the  abradable  lining.  The  'KeJLtmetal ' is  available  in  a number  of  materials 
including  Hastelloy  X,  Haynes  25,  Heynes  188,  Driver  Harris  242  and  these  are  in  fibre 
form  typically  6-15  microns/dia. 

The  Heurchrome  material  is  available  in  several  materials  including  nickel/chrome 
and  nickel /chrome /aluminium,  having  typical  fibre  diameters  of  7-20  microns.  Again 
this  material  has  to  be  bonded  or  brazed  onto  the  component. 

Honeycomb  materials  have  been  and  are  being  used  in  a variety  of  cell  sizes  and 
materials.  These  are  confined  mainly  to  use  in  turbines  where  high  temperature 
performance  is  required,  although  some  filled  aluminium  honeycomb  has  been  used  in  a fan. 
In  the  hotter  areas  the  honeycomb  is  completely  or  partly  filled  with  nickel/aluminium. 


5.0  METHODS  OF  DEVELOPING  AND  EVALUATING  COATINGS 
(a)  Laboratory  Development  of  Coatings 

Be-  ire  any  new  abradable  coatings  are  submitted  for  rig  or  engine  evaluation, 
certain  . aboratory  tests  are  rsquired  which  can  be  used  to  assess  their  likely 
performance.  These  should  be  relatively  simple  and  quick  to  do  to  allow  formulations, 
spray  parameters,  etc  to  be  optimised. 

The  use  of  plasma  or  flame  sprayed  abradable  coatings  is  not  as  straightforward  as 
may  originally  have  been  thought.  For  example,  two  coatings  which  have  had  extensive 
use  and  development  are  75W/25*  and  85M/15*  nickel  graphite.  The  'powder*  used  for 
spraying  consists  of  very  small  particles  of  graphite  with  a thin  nickel  shell,  and  each 
particle  consists  of  approximately  75J#/25*  Ni./C  or  BSft/lSH  Ni./C.  See  Fig.3A.  However, 
whon  the  material  is  sprayed  the  coating  consists  of  a splattered  nickel  matrix  partly 
filled  with  graphite  and  partly  porous,  The  parameters  used  for  spraying  the  material, 
and  indeed  the  type  of  spray  gun,  can  vary  the  proportions  of  nickel  and  graphits  and  the 
porosity  of  the  applied  coating.  This  can  have  a marked  effect  on  the  abradability  and 
the  eroaion  resistance  of  these  coatings.  A section  through  a typical  applied  coating 
is  shown  in  Fig. 3(B)  at  a magnification  of  300  times. 

# 

The  same  principle  applies  to  moat  other  flame  sprayed  coatings  whether  they  are 
composites  or  not,  and  therefore  a considerable  amount  of  development  work  has  to  be 
done  to  determine  the  best  spraying  parameters  for  any  coating.  In  ths  case  of  non 
composite  materials,  ths  spray  parameters  vary  ths  porosity  of  the  coatings. 

With  organic  coatings  variations  in  their  properties  can  be  achieved  by  varying  the 
type*  and  mixtures  of  resins  and  fillers. 

A sispls  piece  of  apparatus  to  evaluate  the  relative  abradability  of  a coating 
hat  been  developed  by  Rolls-Royce  Limited.  It  is  shown  in  Fig. 4 and  consists  basically 
of  a swinging  pendulum  on  which  are  mounted  two  cutters  facing  inwards.  The  coating  is 
applied  to  two  specimens  and  these  are  mounted  back-to-back  at  the  bottom  of  the  pendulum 
swing.  Ths  cutter  on  each  tide  is  set  to  give  0,127  nun  (0,005  in.)  depth  of  cut  and  the 
pendulum  is  released  from  30°.  The  angle  of  upswing  is  measured  and  from  this  is 
calculated  the  energy  absorbed  by  cutting  the  coating.  The  cutter  is  1,8  am  ( ,030  in.) 
wide  and  the  energy  stored  is  43,44  Joules  ( 32  ft, lb.).  Coatings  tested  usually  fall 
in  the  range  of  1,4-8, 1 Joules  (1-6  ft. lbs.)  energy  loss.  Results  are  assessed  on  a 
comparative  basis  relative  to  a coating  which  is  known  from  engine  running  to  have 
acceptable  abradability  characteristics.  Using  this  apparatus  allows  the  relative 
abradability  of  a coating  to  be  assessed  quickly  in  the  laboratory  in  which  the 
spraying  is  being  done,  thus  helping  to  make  the  optimisation  of  spray  parameters  or 
formulation  a more  rapid  process. 

An  equally  simple  piece  of  apparatus  is  used  in  the  laboratory  to  initially  assess 
the  relative  erosion  resistance  of  new  and  development  coatings  prepared  in  the 
laboratory.  It  is  shown  in  Fig. 5 and  consists  of  a 6,5  mm  (0.026  in.)  dia.  sapphire 
nozzle  placed  22  mm  from  the  test  specimen  ss,  angle  of  30°  to  it.  Air,  at  552  Kpa 
(BO  p.s.i.),  is  used  to  blast  the  test  specimen  with  50  micron  alumina  grit.  The  teet 
specimen  is  preparsd  by  spraying  a coating  2,54  mm  (0,1  in.)  thick  onto  a 50  x 50  mm  x 
16  SMG  (2  in.  x 2 in,  x 16  £MG)  mild  atesl  plats.  This  is  thsn  placed  in  the  erosion 
test  apparatus  and  run  for  ^ sin.  or  1 win.  Ths  test  specimen  is  turned  round  after 
each  test,  to  allow  a total  of  four  tests  to  be  done  on  each  one.  The  average  volume 
of  material  removed  is  determined  for  the  four  tests  and  this  is  ussd  to  stake  relative 
assessments  of  erosion  resistance  of  candidate  abradable  coatings. 


* A composite  flame  material  is  defined  as  one  which  has  a physical  mixture  of  one 
or  more  constituents  in  the  powder  form.  The  resulting  applied  coating  then 
becomes  a matrix  of  ohe  material  surrounding  the  others  in  their  original  or 
slightly  modified  form. 
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(b)  Test  Rig  and  Engine  Evaluation  of  Coatings 

Having  obtained  likely  materials  from  the  laboratory,  or  in  some  cases  direct  from 
outside  suppliers,  it  is  necessary  to  determine  their  suitability  as  an  abradable 
coating  in  an  engine.  This  can  either  be  done  by  rig  tests  followed  by  final  engine 
evaluation,  or  by  engine  tests  alone. 

Devising  a satisfactory  relatively  simple  rig  test,  for  evaluating  the  abradability 
of  coatings  for  engine  use,  is  difficult.  It  is  similar  in  many  ways  to  the  problems 
associated  with  evaluating  the  friction  and  wear  characteristics  of  materials  for  use 
in  unlubricated  journal  bearings,  sliding  joints,  etc.  Results  of  any  sort  of  laboratory 
or  rig  test  cannot  be  applied  universally,  as  each  particular  application  has  differences 
which  alter  the  performance,  e.g.  level  of  environmental  contamination  around  the 
component,  the  type  and  speed  of  movement  which  affects  the  type  and  level  of  debris 
generation,  the  geometry  of  the  component  and/or  the  airflow  around  it,  as  these  affect 
the  way  in  which  debris  can  escape.  Any,  or  all,  of  these  conditions  can  vary  the  order 
of  ranking  of  a number  of  materials,  which  has  been  established  by  rig  or  even  engine 
evaluation  of  a number  of  materials. 

To  partly  illustrate  some  of  these  points,  a series  of  rig  tests  were  conducted, 
by  Rolls-Royce  Limited,  on  a range  of  flame  sprayed  abradable  coatings.  A 254  mm 
( 10  in.)  dia.  wheel  was  used  having  slots  machined  around  its  circumference  to  simulate 
blade  tips,  which  rubbed  on  quadrants  spraysd  with  tha  tsst  coating.  Prom  these  tents, 
a range  of  coatings  were  ranked  in  order  of  performance.  The  best  three  coatings  were 
then  tested  on  a more  complicated  rig  which  utilised  a stage  of  an  engine  compressor, 
i.e.  disc,  blades  and  casing.  The  coatings  were  applied  to  the  casing,  and  this  was 
lowered  onto  the  blades  which  ware  rotating  at  a tip  speed  of  approximately  305  m/s 
(1  000  ft/sec.).  Results  gave  a reversal  of  ranking  compared  with  those  obtained  on 
the  small  rig.  It  is  thought  that  this  was  due  to  the  coating,  which  appeared  to  be 
more  abradable  in  the  full  size  rig,  producing  a greater  rate  of  debris  generation  in 
the  small  rig.  This  debris  was  unable  to  clear  the  rubbing  zone  quickly  enough,  thus 
causing  smearing  and  local  temperature  rises  resulting  in  'blade  tip1  overheating  and 
coating  smearing.  A new  small  scale  rotating  rubbing  rig  is  at  present  being  evaluated 
at  Rolls-Royce  which,  it  is  hoped,  will  make  satisfactory  rankings  of  coatings  for  rotor 
patn  and  finned  labyrinth  seal  applications. 

The  above  comments  apply  to  coatings  in  the  low  and  medium  temperature  ranges. 
Coatings  for  turbine  use,  are  subjected  to  temperatures  up  to  1 250°K  and  this  makes  it 
even  more  difficult  to  produce  a satisfactory  rig.  So  far,  Rolls-Royce  have  found  it 
more  realistic  and  expedient  to  test  turbine  coatings  in  the  engine.  Even  so,  this 
type  of  engine  evaluation  is  relatively  slow  and  time-consuming. 

Evaluation  of  the  erosion  resistance  of  coatings  is  also  a difficult  problem. 

For  instance,  the  erosion  found  in  some  rotor  path  seals  could  not  be  explained  by 
basically  circumferential  flow  as  this  would  almost  certainly  not  have  resulted  in 
erosion.  It  could,  therefore,  be  due  to  some  sort  of  'over  the  tip'  vortex  flow,  but 
the  aerodynamisists  are  unable  to  define  the  type  of  flow  over  the  abradable  lining. 

So  far  most  cold  tests  have  been  done,  using  a fixed  set  of  relatively  arbitrary 
conditions,  which  have  produced  results  of  a limited  value.  An  investigation  is  still 
required  to  detormine  the  mechanism  of  erosion,  over  the  blade  tips  and  around  seal 
fins,  and  so  establish  a more  realistic  erosion  test  method  for  rotor  path  and  labyrinth 
seal  abradable  linings. 

It  has  been  established  that,  in  general,  soft  materials  with  reasonably  high 
levels  of  cohesion  are  very  erosion-resistant.  These  properties  vary  with  temperature 
and  it  is  therefore  necessary  to  do  erosion  tests,  at  a range  of  temperatures,  in  order 
to  establish  the  erosion  resistance  of  a coating  for  any  particular  operating  condition. 
Some  initial  erosion  tssts  have  been  done  ,a*  temperatures  ranging  from  290  K to  550  K 
and  these  include  tests  on  specimens  that  have  been  aged  at  temperatures  up  to  550°K 
for  up  to  1,000  hours.  Results  have  shown  that  the  erosion  resistance  of  some  test 
samples  dropped,  by  a factor  of  up  to  six,  after  aging  at  550°K  for  1,000  hours.  This 
illustrates  the  change  in  abradable  coating  erosion  resistance  which  can  occur  with  time 
at  temperature.  It  is  very  important  therefore  to  determine  the  erosion  resistance  and 
abradability  of  materials  which  have  been  aged  in  this  way.  However  further 
investigations,  at  a range  of  temperatures,  need  to  be  incorporated  in  the  investigation 
into  erosion  parameters  mentioned  above. 

The  current  state  of  the  art  lacks  the  ability  to  confidently  evaluate,  by  rig  or 
bench  engine  testing,  the  suitability  of  an  abradable  coating  for  engines  in  service, 
and  care  must  be  taken  to  ensure  that  potentially  good  materials  are  not  discarded  by 
unrealistic  rig  tests.  Work  is  procseding  to  develop  satisfactory  evaluation  methods 
for  abradable  coatings,  but  the  necessary  correlation  with  engine  experience  is  a 
relatively  time-consuming  process. 
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(c)  Methods  of  Quality  Control 

As  previously  explained,  the  properties  of  many  of  the  flame  sprayed  coatings  can 
vary  when  applied  to  components.  It  is  necessary  therefore  to  evaluate  the  coating  as 
applied  to  each  engine  component.  The  swinging  pendulum  abradability  rig  was  considered 
for  this  but  it  couldn't  be  done  on  the  actual  components  and  it  was  not  possible  to 
spray  the  Abradability  test-piece  with  the  component.  Spraying  a test-piece  immediately 
after  the  component  is  not  acceptable. 

There  was  found  to  be  an  acceptable  correlation  between  hardness  of  the  coating 
and  abradability.  Initially,  a 'Shore'  Durometer  hardness  tester  was  tried,  as  this  is 
a very  portable  unit  and  can  be  used  on  almost  any  engine  component.  Unfortunately 
the  coatings  being  measured  were  towards  the  top  end  of  the  'Shore*  scale,  which  was 
too  insensitive.  • 

A Rockwell  superficial  hardness  tester,  using  a 12,7  mm  (0,5  in.)  dia.  ball  and  a 
15  Kg  load,  gives  acceptable  readings  on  the  Rockwell  15Y  scale  and  values  on  this  have 
been  established.  Larger  engine  components  will  fit  around  the  teater  such  that  hardness 
values  of  the  coating  actually  on  the  component  can  be  taken.  For  components  which 
can't  be  done  in  this  way  a 16  SWG  coupon  at  least  25  mm  x 16  mm  (1  in.  x 0,625  in.)  is 
placed  adjacent  to  the  land  being  sprayed  and  is  thus  sprayed  with  it.  This  coupon  is 
then  hardness  tested  as  being  representative  of  the  engine  coating.  On  each  component 
the  average  of  six  readings  taken  around  it  is  used  as  the  hardness  value  for  that 
component . 

During  the  initial  laboratory  evaluation  of  flame  sprayed  coatings  a hardness 
value  for  that  particular  coating  ie  established  and  this  ie  the  value,  with  an 
established  tolerance,  used  for  subsequent  quality  control. 


6.0  EXPERIENCE  TO  DATE 

The  following  chart  shows  the  wide  range  of  coatings  that  are  being  used  in  gas 
turbine  engines,  and  the  areas  within  the  engine  in  which  they  are  being  tried  or  usedi- 


Type  of  Coating 

Max. Temperature 
Capability 

Engine  Positions  in  which 
the  coatings  have  been 
used 

Filled  organic  resins  or 
rubbers. 

500 

Fan,  I.P.  and  L.P. compressor 
rotor  paths  and  seals. 

Flame  sprayed  polyester 
resin  ♦ aluminium. 

600 

Fan,  I.P. , L.P.  and  front 
end  H.P.  compressor  rotor 
paths  and  seals. 

Flame  sprayed  nickel/graphite 

725 

Fen,  I.P. , L.P.  and  H.P. 
compressor  rotor  paths  and 
seals  and  L.P.  turbine  seals 

Flame  sprayed  boron  nitride/ 
aluminium  bronze  and  boron 
nitride/nickel  chrome  in 
aluminium. 

875 

L.P.  and  H.P.  compressor 
rotor  paths  and  seals,  and 
H.P. 2 turbine  seal. 

Feltmetal 

870 

L.P. , I.P.  and  H.P. compressor 
rotor  paths  and  seals  and 
turbine  root  seals. 

Flame  sprayed  niokel/aluminius 
and  nickel  chrome/aluminium. 

1 220 

H.P, , I.P.  and  L.P.  turbins 
tip  and  root  seals. 

Honeycomb  filled  and  unfilled 
(Ni.75  cells  with  nickel/ 
aluminium  filler). 

1 270 

H.P. , I.P.  and  L.P.  turbine 
tip  seale. 

The  ideal  abradable  coating  for  engine  use  would  be  one  which  could  be  applied 
universally  in  all  the  seals  (rotor  path  and  finned).  Preferably  it  would  be  a sprayed 
coating,  for  ease  of  application,  and  would  have  a maximum  temperature  capability  of 
say  about  1 250®K. 

A vast  amount  of  engine  experience  has  been  gained  in  both  development  and  service 
engines  and  this  has  shown  that  we  are  a long  way  from  achieving  this  ideal,  Problems 
of  blade  and  fin  wear,  coating  erosion  and  coat,  are  all  contributing  to  the  fact  that 
the  above  range  of  coatings  are  at  present  required  in  engines. 
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Results  from  engine  running  have  shown  that  fan  rotor  path  coatings  can  experience 
more  erosion  than  the  same  type  of  coating  applied  to  the  I.P.  and  H.P.  compressors! 
and  as  such  some  of  the  potentially  higher  temperature  coatings  are  not  suitable  for 
use  in  the  fan  casings. 

As  stated  previously  a successful  abradable  coating  is  one  which  will  abrade 
cleanlyt  without  damaging  blade  or  fin  tips(  but  at  the  same  time  one  which  will 
resist  erosion.  Some  engines  have  produced  cases  where  both  erosion  and  blade  tip 
wear  have  occurred  together.  In  some  of  the  labyrinth  seals  debris(  produced  when  the 
fins  have  rubbed  into  the  coating,  has  been  trapped  between  the  fins  where  it  has 
eroded  away  the  coating  between  the  fins  due  to  the  high  speed  rotation  of  the  debris. 

Secondary  engine  problems  sometimes  result  from  the  use  of  abradable  coatings. 

In  one  case  the  debris  from  a rubber  based  fan  blade  path  coating,  resulted  in  the 
formulation  of  a degraded  rubber  substance  in  the  variable  inlet  guide  vane  air  control 
system,  thus  causing  it  to  malfunction. 

One  of  the  best  coatings  used  so  far  has  been  a flame  sprayed  polyester  resin 
with  an  aluminium  filler.  It  appears  to  hav«  good  erosion  resistance  and  abrades  away 
without  blade  tip  or  fin  wear.  The  only  problem  is  that  it  is  limited  to  a maximum 
temperature  of  600°K  which  only  allows  it  to  be  used  in  the  L.P. , I.P.  compressors  and 
part  way  through  most  modern  H.P.  compressors.  Apart  from  this  coating  all  the  others 
are  producing  some  sort  of  problem.  By  careful  selection  of  the  position  in  the  engine 
of  each  coating  used,  and  by  tailoring  the  spraying  conditions  or  the  resin/filler  mix 
proportions,  it  is  possible  to  limit  blade  tip  and  fin  wear  and  coating  erosion  to 
levels  which  can  be  tolerated  although  in  most  cases  they  need  improving  upon. 

So  far  filled  honeycomb  seems  to  be  the  only  material  suitable  for  use  in  turbine 
tip  seals,  and  at  present  this  has  to  be  carefully  tailored  to  each  application  to 
ensure  that  all  possible  rubs  between  blade  tips  and  coating  are  kept  to  an  absolute 
minimum.  Medium  to  heavy  rubs  result  in  severe  fin  wear. 

Many  of  the  linings  which  are  bonded  or  brazed  to  engine  components  give  trouble 
with  either  poor  bonding  or  areas  of  poor  bonding,  and  many  cases  have  been  experienced 
of  parts  of  linings  breaking  away  during  engine  running.  This,  together  with  erosion 
problems,  cost,  etc.,  has  led  to  a general  dislike  of  this  type  of  material. 


7.0  CURRENT  'STATE  OF  THE  ART' 

In  general,  the  abrasive  coatings  used  have  been  developed  to  a satisfactory 
standard  and  are  working  well,  having  accumulated  a vast  number  of  engine  running  hours 
in  service.  The  position  regarding  abradable  coatings  however  is  nowhere  near  as  good 
and  in  many  cases  abradable  coatings  are  being  persisted  with  when  they  are  not  entirely 
satisfactory,  because  of  the  significant  loss  in  engine  performance  which  would  occur 
if  these  coatings  were  not  used.  The  main  problem  with  abradable  coatings,  especially 
for  temperatures  above  600  K is  that  no  material  manufacturers  have  yet  come  up  with  a 
completely  suitable  material.  It  is  hoped  that  this  paper  will  serve  to  make  more 
people  aware  of  this  fact  in  the  hope  that  more  suitable  materials  will  become  available. 

Currently,  the  major  part  of  abradable  coating  evaluation  is  being  done  in  engines 
which  lengthens  the  time  for  evaluation  of  a coating.  Rolls-Royce,  as  engine 
manufacturers,  are  well  aware  of  this  situation  and  are  taking  steps  to  devise  improved 
laboratory  and  rig  tests.  These  will  enable  a more  accurate  evaluation  of  the 
abradability  and  erosion  resistance  of  candidate  materials  to  be  made,  so  that  engine 
tests  will  become  final  proving  tests,  rather  than  initial  evaluation  tests  which  many 
tend  to  be  today. 

As  discussed  in  5(b)  above,  there  are  difficulties  in  rig  testing  coatings  fox 
erosion  resistance,  and  a programme  of  work  is  in  hand  to  devise  and  evaluate  a realistic 
erosion  test,  which  will  be  done  at  the  appropriate  environmental  temperature.  However, 
all  tests  of  this  type  are  accelerated,  when  compared  with  the  rate  of  erosion  in  an 
engine,  and  therefore  a lengthy  period  of  correlation  work  is  required  to  fully  validate 
these  rig  tests. 

Abradable  coatings  and  linings  used  in  turbines,  produce  wear  of  the  fins  on  the 
root  platforms  and  shrouds  of  the  turbine  blades.  As  these  fins  are  usually  an  integral 
part  of  the  turbine  blade,  then  serious  wear  of  them  would  result  in  the  blade  being 
scrapped.  To  try  and  overcome  this,  various  wear-resistant  coatings  have  been  applied 
to  the  fins,  but  so  far  a completely  satisfactory  coating  has  not  been  found,  as  the 
fins  are  still  wearing  during  a rub. 
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8.0  CONCLUSIONS 

(1)  The  improvements  in  engine  performance,  to  be  gained  by  maintaining  close 
clearances  at  the  various  rotating  seals  within  a.  gas  turbine,  are  essential 
to  its  economic  operation.  To  make  the  maintenance  of  these  close  clearances 

a practical  proposition  often  means  the  use  of  an  abradable  or  abrasive  coating 
is  mandatory, 

(2)  Abrasive  coatings  are  much  less  used  than  abradable  coatings,  as  most  applications 
are  not  suited  to  the  use  of  the  abrasive  ones.  However,  there  is  general 
satisfaction  with  the  performance  of  the  abrasive  coatings,  where  they  can  be  used. 

(3)  Abradable  coatings  are  the  most  widely  used,  and  are  found  in  fan  and  compressor 
bores  over  the  rotor  blade  tips,  in  labyrinth  seal  housings,  in  turbine  liners, 
and  in  blade  root  seal  bores. 

(4)  In  general,  the  performance  of  abradable  coatings  in  engines  leaves  much  to  be 
desired,  and  in  many  cases  the  situation  is  being  coped  with  by  coatings  being 
carefully  tailored  for  individual  applications. 

(5)  Within  the  limitod  temperature  capability  of  600°K,  an  aluminium  filled  flame 
sprayed  polyester  coating  is  working  satisfactorily  in  a wide  range  of  engine 
applications. 

(6)  Although  laboratory  and  rig  tests  exist  and  are  being  used  to  develop  and 
evaluate  new  coatings,  better  methods  are  required.  Work  is  being  carried  out 
within  Rolls-Royce  to  improve  a hot  erosion  rig  test  and  a laboratory  abradability 
rig,  for  evaluation  of  rotor  path  bore  and  labyrinth  seal  bore  coatings, 

(7)  Thera  is  still  a definite  need  for  new  abradable  lining  materials,  preferably 
flame  sprayed,  for  use  in  gas  turbine  engines.  Such  materials  should  have  good 
erosion  resistance  with  useful  lives  of  5,000  to  10,000  hours  in  an  engine,  and 
they  should  machine  away  cleanly  without  causing  undue  damage  to  blade  tips  or 
labyrinth  fin  tips.  Coatings  are  especially  required  for  the  turbine  areas  within 
an  engine,  and  these  would  require  a temperature  capability  of  870°K  to  1 250°K, 
depending  upon  the  particular  application. 
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TYPICAL  FAN  ENGINE  SHOWING  RANGE  OF  POSITIONS  WITHIN  THE 
ENGINE  WHERE  COATINGS  ARE  USED 


NfCKEL  GRAPHITE  POROSITY 


SECTION  THROUGH  Ni/C  POWDER  SECTION  TROUGH  APPLIED  COATING 


DIAGRAM  OF  SIMPLE  LABORATORY  EROSION  RIG 
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DISCUSSION 


G.R.Wood,  UK 

Could  the  author  comment  on  the  compatibility  of  the  seal  material  and  the  blade  material,  particularly  on  the 
turbine  gas  path.  Is  there  a problem  with  abradable  seals  retaining  blade  material  under  rubbing  conditions  and 
accelerating  the  blade  wear? 

Author’s  Reply 

There  are  problems  with  abradable  lining  materials  retaining  blade  material,  and  these  are  moinly  confined  to  the 
turbine  gas  path  seals.  The  problems  centre  around  finding  an  abradable  material,  capable  of  withstanding  the 
temperatures  in  the  turbine,  which  is  sufficiently  abradable. 

So  far  experience  within  Rolls-Royce  has  been  that  the  turbine  coatings  tried  so  far  have  been  too  hard,  and  as 
such  have  resulted  in  material  being  transferred  from  the  blade  tip  to  the  coating,  where  it  has  usually  become  a 
hard  oxide,  which  undoubtedly  increases  further  the  amount  of  blade  tip  wear. 

Materials  that  are  used  at  present,  as  turbine  rotor  path  abradables,  are  better  than  nothing  but  are  still  too  hard, 
and  therefore  all  produce  significant  blade  tip  wear.  We  are  still  awaiting  the  availability  of  a truly  abradable 
turbine  liner  material. 


A.R. Stetson,  US 

You  did  not  diseuss  incuislon  rutes.  It  seems  that  on  your  slides  you  must  have  gone  from  one  incursion  rate  to 
another  in  showing  the  smeared  specimen  to  the  unsmeared  specimen  but  you  did  not  rate  it  an  important 
parameter. 

Author’s  Reply 

Throughout  all  the  tests,  compared  in  the  slides,  the  incursion  rate  was  constunt  at  0.25  mm  1 sec  (0.010  in.  1 sec). 
The  reason  for  showing  these  two  slides  was  to  try  and  emphasise  the  point  that  misleading  results  cun  bo  obtained 
by  choosing  the  wrong  design  of  test  rig  when  evaluating  the  abradability  of  coatings,  In  the  example  shown,  the 
small  rig  produced  smearing  of  a coating  which  abraded  clearly  when  using  engine  components.  It  Is  thought  that 
this  was  due  to  the  fuct  that  dehrls  was  not  able  to  clear  the  rubbing  zone  quickly  enough. 

This  point  is  discussed  in  more  detail  in  Section  5(b)  of  my  written  paper. 

It  was  not  intended  to  convey  the  Impression  that  Incursion  ran  K not  an  Important  parameter,  as  it  undoubtedly 
is.  However  In  the  tests  described,  it  was  one  of  the  parameters  Mill  was  held  constunt. 


J.Millward,  Rolls-Royce  Ltd,  UK 

In  the  twoabradubility  tests  which  gave  conflict i ■ ig  results,  i.e.  a smeured  effect  on  u small  lab.  rig  and  u cloun  cut 
on  an  engine  parts  rig,  was  airflow  used  in  both  cases  - if  not  this  probubly  was  the  reason  for  the  difference,  i.c. 
different  debris  removal  rate. 

Author's  Reply 

The  example  given  in  the  paper,  I.e.  that  conflicting  results  were  obtained  on  two  different  rigs  which  were  being 
used  to  test  the  same  coatings,  was  included  to  make  the  point  that  great  care  must  be  taken  in  choosing  or 
designing  a rig  to  test  the  relative  ubrudability  of  coatings  for  use  In  engines. 

In  answer  to  the  question;  a deliberate  axial  flow  of  air  was  not  supplied  to  either  of  the  rigs.  In  the  cusc  of  the 
largo  rig,  this  used  engine  compressor  blades,  und  although  it  was  u single  enclosed  stage  und  would  therefore  tend 
to  "stir”  the  uir,  it  would  nevertheless  aid  the  removal  of  debris  to  a much  greater  extent  thun  the  small  dlu.  rig 
described.  An  axial  airflow  would  improve  the  rate  of  debris  removal  und  if  sufficient,  in  the  case  of  the  small  rig, 
would  most  probably  give  acceptable  correlation  with  the  rig  utilising  an  engine  compressor  stage. 

Certainly  anyone  wishing  to  conduct  rotating  ubrudability  tests  should  consider  very  carefully  the  airflow  and 
geometry  and  their  likely  effect  upon  debris  removal  In  relation  to  an  actual  engine. 


A.Mlhnll,  France 

Vous  uvez  parld  duns  votre  exposd  des  difficult  duns  i’application  des  mutdriaux  ubrudubles.  F.st  ce  qu’on  pout 
savolr  quelles  sent  los  difficulty  quo  vous  avez  reneon triSei?  Pouvez-vous  prdclscr  quelles  sont  les  difficulty  en 
question? 

Fuites  vous  des  essais  pour  determiner  le  rapport  ontre  los  conditions  d ’application  et  lours  Uurde  dans  le  temps? 
Author's  Reply 

In  reply  to  your  question  I would  refer  you  to  Section  5(a)  of  my  written  pupor.  In  it  1 have  attempted  to  explain 
that  when  flume  spruying  composite  coatings,  i.e.  coatings  containing  mixtures  of  materials,  the  final  proportions 
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of  the  mixture  in  the  applied  coating  can  differ  significantly  from  tine  mixture  in  the  spray  powder  being  fed  to  the 
spray  gun.  The  final  proportions,  and  hence  properties  of  the  coating,  are  affected  by  variations  in  the  spraying 
parameters  which  are  optimised  and  then  rigidly  controlled. 

Erosion  and  abradability  tests  are  done  to  assist  in  finding  these  optimum  spray  parameters  which  are,  very  often, 
further  modified  following  the  results  of  bench  engine  tests  on  these  coa  tings. 


F.Wdlkop,  Germany 

Mr  Ludwig  hss  shown  in  his  paper  that  Zirkon  coatings  iiave  good  insulating  properties.  Has  the  author  tried  to 
examine  a multilayer  coating  on  the  casing  in  the  blade  tip  region,  e.g.  Zirkon  coating  with  an  additional  cover  of 
an  abradable  material? 

Author's  Reply 

Although  Zircon  itself  has  not  been  tried  as  a part  of  a multilayer  coating  other  coatings  (e.g,  magnesium  zlrconate) 
have  been  investigated.  Attempts  so  far  have  been  unsuccessful  in  producing  satisfactory  adhesion  between  an 
abradable  lining  and  the  ceramic  insulating  lining,  and  to  date  this  is  still  a problem. 
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ABRASIVE  COATINGS  AS  SELF  CLEKN1  *3 
GAS  TURBINE  COMPRESSOR  VANE  TIP  SEALS 
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ABSTRACT 

Efficiency  of  a gas  turbine  is  reduced  by  vane  tip  losses  in  ths  coapresaor  section,  vane  tip/rotor  rube 
can  rasult  in  catastrophic  failure  of  a gaa  turbine  tngine.  This  paper  describes  a test  rig  end  axperi- 
aantal  data  obtained  evaluating  abrasive  ooatings  for  clearance  control  between  the  vanes  end  tike  rotor 
in  a gas  turbine  compressor.  Plasaa/flaaa  apraysd  oxidas,  carbides  and  chemically  bonded  abrasives  wars 
tasted  under  conditions  duplicating  thoaa  encountered  in  the  coapresaor  section.  The  effectiveness  of 
the  ooatings  in  gril  ling  away  the  vane  tips  to  provlda  niniaua  clearance  without  damage  to  the  vane  or 
rotor  wee  determined . coatings  with  rough,  sharp  abrasive  grains  wars  most  affactiva.  The  laboratory 
testa  wars  confirmed  by  origins  development  teats  with  a full-seals  rotor. 

INTRODUCTION 

Kith  rising  fuel  costs  and  incraasing  shortages,  improved  sfficiency  in  gas  turbine  engines  is  eessntial. 
Ths  large  tip  clearances  currently  in  use  in  stationary  turbine  compressors  to  prevent  contact  due  to 
shaft  eccentricities  are  no  longer  acceptable  because  of  loss  in  engine  efficiency. 

The  problem  is  bast  illustrated  by  reference  bo  a a chasm  tic  in  a modem  industrial  gas  turbine  compressor 
(Fig.  1).  The  vanes  in  the  engine  are  static  about  tha  rotor.  Spaaing  between  the  unshrouded  venae 
and  disc  spacer  rings  (rotor)  should  be  minimal  for  graatsat  sfficiancy,  i.a. , clearance  to  permit 
assembly  and  to  allow  for  rotor  thermal  and  mechanical  growth  and  thaxmal  growth  or  the  vane  due  to  a 
A T between  shroud  and  tip.  Under  ideal  operating  conditions  this  minimal  spacing  could  be  used.  However, 
experience  has  a hewn  that  aoaw  eccentricities  in  ths  shaft  can  davalop  and  clearance  must  be  opened 
slightly  to  allow  for  this  possibility. 

Vena/rotor  contact  can  produce  bowing  and  imbalance  by  uneven  heating  of  the  rotor.  Frictional  heat  in 
the  vsnaa  accentuate  the  initial  contact  by  additional  incursion  resulting  from  thermal  expansion.  When 
extremely  severe,  vena  rotor  contact  can  produca  ring  spacer  or  vane  failure  and  thus  catastrophic  engine 
damage.  Calculations  and  experience  have  shewn  that  ths  vane/rotor  interferance  rata  can  be  aa  high  as 
3Sgm/saa  (0.001  in-  sea)  and  can  last  for  up  to  30  saoonds. 

increasing  vane  tip  clearance  is  a vary  unsatisfactory  approach  to  minimising  vena-rotor  rub  because  it 
result*  in  an  ovarall  decrease  in  engine  performance  (output  power  and  thermal  efficiancy) . 

To  effect  near  net  clearance,  a «yet«*  mult  be  developed  that  will  permit  vane/rotor  tip  rub  without 
excessive  heating  of  either  component.  An  abrasive  coating  applied  to  the  rotor  wee  selected  as  one 
waeru  of  achieving  this  objective.  To  be  effective,  tha  coating  had  to  meet  the  following  requirements! 

1.  Remove  tha  vane  tips  without  gensratlng  excessive  temperatures  either  in  tha  rotor  or  the  vane. 

2.  3a  unaffected  by  thermal  cycling  between  anticipated  ambient  temperatures  end  427*c  (800*F) . 

3.  Application  as  a part  of  tha  normal  manufacturing  aaquance  without  subsequent  finishing 
operations . 

Essentially  no  quantitative  data  vau  available  on  the  performance  of  abrasive  coatings  under  the  antici- 
pated operating  conditions.  Aluminum  oxide  applied  by  plasma  or  flaw  spraying  has  been  used  on 
oempreasor  oases,  with  some  suacess,  to  eerve  ss  an  abrasive  costing  for  removal  of  bind*  tips  in  tha 
event  of  rub.  However,  no  data  wts  available  on  its  use  un  the  rotor.  To  obtain  the  required  data  on 
ooatinga,  a teat  rig  was  designed  and  built.  The  rig  duplicated  those  conditions  encountered  in 
compressor  operations,  oxides  and  carbides  wars  selected  as  the  primary  abrasives  because  of  their 
hardness,  sharp  cutting  edges,  low  cost  end  availability i although  consideration  was  given  to  other 
materials  during  tha  taut  program. 

TEST  FACILITY  DESIGN  AND  OPERATION 

The  teat  rig  was  designed  to  duplicate  the  conditions  enoountered  in  a Solar  axial  flow  ocaapreaaor. 

During  operation,  gas  in  the  compressor  discharge  end  is  at  a temperature  of  427*C  (BOO'F)  and  the 
surface  velocity  of  tha  rotor  is  305  me*  (1000  fpa).  If  a rub  occurs,  tha  vane  to  rotor  intrusion  rate 
may  ba  aa  high  aa  0.02S  am  par  stoond  (1  mil  per  second)  with  the  mrximim  anticipated  interference  being 
0.75  m (30  ells) . The  teet  rig  was  designed  to  duplicate  these  conditions. 

The  completed  rig,  illustrated  ,'n  Figure  2,  in  powered  by  an  air  driven  turbine  adapted  for  this  appli- 
cation from  one  of  Solar's  standard  production  anginas.  Air  to  drive  the  turbine  is  supplied  at  a 
pressure  of  0.69  HFa  (100  pei)  with  e mass  flow  of  1..35  kg  (3.0  lbs)  per  second.  This  value  may  vary 
from  test  to  test  depending  upon  tha  ooating  tested  and  tha  configuration  of  the  test  rotor. 

This  turbine  ie  directly  ooupled  to  the  output  shaft  through  a flexible  coupling.  The  relatively  alow 
turbine  speed  (20,000  rjse  versus  60,000  rpm  plus  in  normal  operation)  reduces  drive  efficiency*  however. 
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this  Is  sox's  thsn  offset  by  tha  allalnatlon  o f tha  gearbox  of  an  olactrlu  motor  driven  unit.  Ths  tast 
rig  drlv*,  as  shown  In  Figure  2,  was  essantlally  aaintananoa-frse  aftar  literally  hundrods  of  tast  runs. 

Tha  basic  tast  disc  usad  In  abrasive  rub  tasting  was  a nominal  31  cm  (12  In.)  In  diameter  and  Is  aachinad 
frosi  an  Aisi  410  forging.  Several  of  tkass  wnra  nIi  to  sdnimise  down-tins  whila  tha  disc  is  baing 
ooatad  batwaan  tasts.  Ovar  SO  material  sys tarns  hava  baan  tastad  to  data  with  this  equijsesnt. 

Tha  vana  usad  fox*  tasting  tha  costings  is  located  lasted  lately  balow  this  dico  on  a platform  advanced  by 
a variabla  speed  drive  calibratad  to  product  an  advenes  rata  of  0.O2S  me  (0.001  in.)  par  second. 

During  alavatsd  temperature  operations , tha  disc  is  hasted  by  an  oxygan-aoatylana  torch  and  tha  vana  by 
the  hot  gas  generated  in  tha  cavity  during  tha  hasting  of  tha  disc. 

The  basic  instrunmntatlon  usad  to  monitor  tha  tast  consists  of  tha  following) 

Vana  temperature  thermocouples 
Vana  stress  strain  gaugss 
. Spaad  sensing  pickups. 

Thaaa  outputs  wars  recorded  by  an  oscillograph,  wheal  tamparatura  was  monitorsd  by  a standard  atrip 
ahart  recorder . In  addition  to  this  basic  test  data,  vibration  lavals,  oil  preriure,  and  bearing 
temperatures  wars  monitored  to  warn  of  potential  wquipaent  failure. 

Tha  teat  procadura  usad  with  this  facility  is  ss  fallows.  Ths  abrasiva  notarial  to  be  avalustad  is 
appliad  to  ths  psriphary  of  tha  disc  in  tha  desired  thickness.  Tha  disc  is  than  balanced  and  installed 
on  tha  rig.  A tast  vana  with  calibrated  instrumentation  is  installed  on  tha  drive  platform  and  the  unit 
la  ready  to  run.  Tha  disc  is  brought  up  to  s spaad  of  approximately  fOOO  rpet  and  tha  speed  held  constant 
Tha  inatr umantation  ia  given  a final  operational  check  and  tha  torch  lgnitad.  Spaad  ia  than  held 
constant  until  tamparatura  of  tha  disc  has  stabilised  at  .127*C  (dOO'F) . Once  thermal  stability  is 
achieved,  tha  speed  is  increased  to  give  tast  velocity  of  305  mpe  (1000  l'pa)  and  conditions  ara  again 
stabilised.  Tha  tast  vana  is  than  fad  into  tha  disc  periphery  for  30  seconds  at  a rata  of  0.02S  am 
(0.001  in.)  par  saoond.  The  unit  is  hald  at  this  spaad  until  cool  down  is  oomplata  to  pravant  host  soak 
back  into  tha  bearings  and  turbine.  Aftar  cool  down,  tha  dlso  and  vana  are  renewed  for  further  examina- 
tion followed  by  stripping  and  recosting  of  tha  diaa  for  subsequent  tasting. 

This  tast  rig  has  baan  in  oparation  for  ovar  three  years  without  any  significant  problems,  Recently, 
minor  modifications  hava  baan  mads  to  it  to  incorporata  a capability  for  tha  tasting  of  bladad  discs. 

Abradable  tip  veal  materials  hava  baan  tastad  at  speeds  of  up  to  430  m (1400  ft)  par  second  and  test 

temperatures  to  1370*C  (2500*F) . 

TESTING 

SELECTION  OF  MATERIALS 

Because  of  tha  lack  of  specif lo  data  on  abrasive  coatings  for  ths  proposed  application,  it  was  dscidsd 
U>  tast  as  many  different  material  systems  as  vara  practical.  Initial  selection  of  tha  material*  for 
tasting  was  mada  on  tha  following  bnsiat 

1.  Tha  material  ayatam  must  ba  potentially  capable  of  prolongod  oparation  at  427*C  (000*F) 
in  an  oxidising  atmosphere. 

2.  Tasting  would  ba  limitod  to  material!  that  wars  oamaero tally  available. 

3.  Tha  abrasiva  grain  would  ba  of  a composition  of  demonstrable  hardness  with  sharp,  cutting 

edges. 

4.  Tha  coating  must  ba  appliad  to  a finish  dimension  without  subsequent  processing. 

5.  Application  of  tha  coating  was  to  ba  compatible  with  our  standard  compressor  fabrication 
methods. 

using  these  guidelines  tha  following  materials  wars  selected  for  initial  tasting  ss  tha  abrasiva  con- 
stituent in  tha  coating i 

. Aluminum  oxide 

. Chromium  carbide 

. Tungsten  carbide 

. Silicon  carbide 
. Chromium  sesqul  oxide. 

Although  tha  latter  was  not  considered  to  ba  s true  abrasive,  it  has  shown  excellent  wear  resistance  in 
other  applications  and  wns  included  for  comparison  with  tha  mors  abrasiva  materials. 

Plasms  spraying  (P.S.)  was  selected  as  ths  primary  method  of  application  for  these  material*.  Tha  pro- 
cesses ware  wall  advanced  at  Solar  and  could  ba  used  to  apply  tha  coating*  bo  tha  close  tolerances 
required.  Nickel  ulumlnida  was  chosen  as  tha  primary  bonding  agent  in  tha  composite  coatings  sinus  it 
is  self-bonding  to  moat  alloys  including  tha  AISI  410  substrata.  Cobalt  and  nickel-chromium  bonding 
alloys  ware  also  used  in  a few  composites  as  wars  coatings  of  tha  pure  abrasive  materials. 
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In  addition  to  the  plants  sprayed  materials,  a Solar  davalopad  abrasive  ooating  (rc-1)  w«s  appllod  by 
conventional  apray  techniques  and  cur ad  at  538*C  (lOOO'F) . 

TEST  PROCEDURES 

Tha  material  systems  avaluatad  vara  taatad  for  tha  following  characteristics  t 

Tharaal  shook  raslatanoa 
. Tharaal  stability 

. Adherence 

. Surfaoa  roughness 

Abraaivanasa,  aa  determined  on  tha  rub  taat  rig. 

Ttmmal  Shook 

Coatings  wara  taatad  for  thsir  ability  to  withstand  repeated  tharmal  cycling  by  applying  tha  coating  to  a 
taat  panal  of  AXSX  410  steal,  77na  x 103  an  x 1.S3  an  thick  (3  in.  x 4 in.  x 0.060  in.  thick) . Thaaa 
panala  wara  haatad  to  538*C  (1000*F)  and  ranovad  and  quanohad  in  watar.  Thie  cycle  waa  repaatad  tan 
times  or  until  failure  oocmrrad  aa  evidenced  by  I palling  of  tha  ooating. 

Tharaal  Stability 


Tha  affaot  of  prolonged  axpoaura  to  alavatad  t—faraturaa  waa  detexadned  using  panala  prepared  in  tha 
aaaa  raimer  aa  thoaa  used  in  tha  tharaal  shook  tests.  Thaaa  panala  were  haatad  in  a fumaoa  for  500  hours 
at  850 *F.  After  tasting,  tha  panala  wars  ranovad  and  axaainad  visually  for  any  avidanca  of  attack  due  to 
tha  prolonged  exposure  to  tha  alavatad  tesperature . 

Adherence 


The  adhar anca  of  tha  ooating  was  avaluatad  in  two  ways  - band  tasting  and  tarn i la  bond  taats . For  bund 
tasting,  coatad  panala  siailar  to  thoaa  used  in  tha  pravious  taat,  differing  only  in  aise  [51  aa  (2  in.) 
square J , wars  bant  over  a 12.7  mb  (0.50  in.)  disaster  mandrel  for  a total  band  of  ISO  degrees.  Per- 
formance was  judged  on  tha  basis  of  percent  of  metariel  loat. 

The  second  test  for  adhar anas,  or  bond  strength,  utilised  tensile  strength.  The  ooating  to  be  avaluatad 
was  applied  to  tha  and  of  a 2.54  aa  (1  in.)  disaster  rod.  A siailar  rod  was  than  bonded  to  tha  ooating 
using  a high-strength  epoxy  adhesive.  After  curing  tha  adhesive  to  its  maximum  strength,  tha  cemented 
rod  was  placed  in  a tuna i la  tasting  atauhlna  and  tha  tana.Ua  force  required  to  rupture  tha  coating- 
substrata  bond  was  measured.  Bond  utrength  was  than  calculated. 

Surface  toughness 

surface  roughness  of  the  coating  waa  measured  using  tha  swaa  a ample*  aa  wara  used  in  tha  band  taat.  A 
conventional  profiloawter  was  used  to  make  these  meuuraaents. 

Hub  Testing 

The  periphery  of  tha  test  diao  waa  coated  to  a thickness  of  0.25  aai  (10  mils)  and  tha  diao  sounted  on  tha 
taat  rig.  The  taat  vans  waa  instrueanted  with  a thermocouple  attached  2.5  aai  (0.10  in.)  from  its  tip  and 
strain  gauges  cemented  to  tha  vanes,  32  am  (0.125  in.)  free  tha  baas.  TU  rig  was  brought  up  to  an 
operating  speed  of  304  mpa  (1000  fpa)  at  427*C  (800*r) , and  a tab! limed.  The  vans  was  than  advanced  into 
tha  ooated  diao  at  a rata  of  0.025  aai  (0.001  in.)  per  second.  After  the  vena  contacted  tha  disc,  it  waa 
allowed  to  advanae  for  an  additional  30  seconds  at  which  point  tha  feed  mechanise  was  reversed  and  tha 
vena  withdrawn  from  contact.  Tha  unit  was  than  shut  down  and  tha  vans  and  iliac  rwaoved  for  examination. 
Data  retarded  during  this  taat  ware  tha  strain  on  the  vans,  tha  taegperatur*  indicated  by  tha  thermocouple 
located  3.5  am  (0.10  in.)  from  tha  tip,  and  tha  cliange  in  wheel  spaed.  Both  tha  ooating  and  tha  vans 
wara  examined  visually  fox  burning , me  tel  transfer  and  overall  appearance.  Representative  vanes  wara  also 
sectioned  for  awtallographic  exes'll  nation. 


RESULTS  AMD  DISCUSSION 

Over  50  material  systems  wsrs  taatad.  lypioal  results  are  presented  in  nbl«  1 for  tha  initial  screening 
taats  of  various  coatings.  Thaaa  results  have  bean  limited  to  thoaa  obtained  with  aluminum  oxide, 
tungsten  carbide,  ahrenium  carbide  snd  chromium  seeqv  oxide  abrasives.  As  is  evident  in  tha  table,  tha 
baseline  abrasive  was  aliaainua  oxide  and  it  was  teats,  oth  as  a pure  pi  terns  sprayed  coating  and  with 
various  binders.  Tungsten  carbide  was  limited  to  a occult  binder.  Attempts  to  bend  it  to  tha  substrate 
chemically  wara  unsuccessful.  Chromium  sesqul  oxide  was  tasted  -nly  as  a pure  material  and  ahowed  little 
premise,  chxostium  carbide  waa  taatad  both  with  a niokal-chxomium  alley  binder  and  with  nickel  aluainide 
as  tha  bonding  agent. 

Iha  first  criteria  used  for  evaluating  tha  ooating  waa  tha  aaae  and  reliability  with  which  it  oould  be 
applied.  Material!  showing  poor  deposit  efficiency  wara  discontinued  since  they  wara  not  considered 
suitable  fox  tha  and  application.  Chromium  seaqui  oxide  and  nickel  aluadnide  bonded  alunULnum  oxide  ware 
dropped  at  this  point. 

Surfaoa  roughness  values  ranged  from  3.1  v metre  (110  microinches)  for  tha  ohromivm  seaqui  oxide  to 
14.1  u metre  (575  ad oro inches)  for  tungsten  oarbida  which  was  tits  ooarsst  metarial  tasted.  Tha  majority 
of  tha  abrasive  materials  wara  found  to  lia  batwaan  S w matra  (200  mioroinctoas)  and  11  u metre  (425  micro- 
inohee) . Fleams  sprayed  ooarae  aluminum  omida,  which  ia  ana  of  tha  moat  ooeaaaw  abraaim  materials  used 
in  this  and  similar  applications,  gave  a surface  roughness  of  5.1  u math's  (225  adoroinuhea).  Tha  BO-1 
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coating  had  a surface  finish  of  li  v metre  (425  aicroinohes) . Both  materials  appeared  to  ba  adequately 
rough  for  tha  propoaad  application. 

Matallographic  sections  wars  taken  of  all  coating  types  and  examined  visually  at  a magnification  of  100X. 
Tha  oooaanta  in  tha  table  are  largely  self-explanatory.  Of  particular  note  is  the  typical  difference 
between  plasma  sprayed  and  chemically  bonded  abrasive  (RC-l) . This  is  illustrated  in  the  scanning 
electron  micrographs  in  Figures  3A  and  3B.  Tha  P.s.  coatings  exhibited  a relatively  dense  structure  with 
rounded  grains  and  thus  retained  little  of  the  structure  required  to  grind  or  aoooea ipdate  tha  grinding 
debris.  With  tha  RC-l  abrasive  coating,  the  structure  is  open  and  tha  graina  retain  tha  majority  of  their 
"as  crushed"  sharpness.  A*  will  be  noted  subsequently,  sharp  grains  and  an  open  structure  era  required 
in  an  effective  self-cleaning  abrasive  coating.  Attempts  to  obtain  this  structurs  by  plsaaa  or  flame 
spraying  were  unsuccessful.  As  power  was  reduced  to  tha  plasma  gun,  for  example,  to  decrease  rounding  of 
tha  edgas  of  tha  abrasive  grains  to  improve  cutting  efficiency,  tha  weak,  porous  structure  was  readily 
wiped  away  during  a rub.  co-spraying  of  a nickel  aluminum  bonder  alloy  with  tha  abrasive  grains  also  did 
not  produce  adequate  retention  of  the  abrasive  unless  plasma  power  was  high  enough  to  melt  the  abrasive 
grains . 

The  final  tsat  in  this  phass  was  for  the  adherenc*  of  the  coatings  to  the  substrate.  Except  for  the 
chromium  oarbida,  none  of  tha  coatings  was  severely  damaged  by  the  bend  test.  The  material  loaa  indicated 
in  tha  table  was  largaly  on  tha  edgas  where  mors  severely  stressed  conditions  exist.  The  nickel  alusiinide 
bonded  aluminum  oxide  and  the  conventional  fins  grained  aluminum  oxide  had  relatively  high  spoiling 
tendencies  but  losses  wars  not  sufficient  to  discontinue  use  of  tha  materials  on  this  basis.  Tensile 
testing  for  bond  strength  showed  that  all  of  tha  materials  wsra  capable  of  meeting  the  low  centrifugal 
stresses  expected  during  operation  [<680  kPa  (100  pel) ] . 

Data  obtained  from  tha  bend  teat  and  bond  strength  teat  ware  confirmed  in  the  thermal  shook  test. 

Thermal  shook  results  ware  not  tabulated.  All  materials  passed  and  no  significant  differences  wars  found 
in  performance  during  thermal  shock. 

Similar  tests  wars  conducted  on  ahemically  bonded  tungsten  carbide  abrasive  grains.  These  data  are  not 
included.  The  binder  under  consideration  did  not  adaquataly  wet  tha  tungsten  carbide  abrasive  grains. 
Tensile  bond  strength*  era  not  reported  for  tha  RC-l  coating  sines  tha  epoxy  adhesive  used  in  these  teste 
did  not  adhere  consistently  to  it. 

The  rub  characteristics  of  representative  coatings  tasted  in  this  series  ere  reported  in  Figures  4,  5 and 
6.  in  addition,  a rub  on  a bars,  uncoated  disc  is  inoludsd  in  each  to  serve  aa  a baseline,  uncoatad 
data  represents  the  situation  in  a conventional  vane-rotor  rub  and  should  be  used  as  a guideline  in 
evaluating  subsequent  results. 

Typical  appearanaa  of  the  rotor  after  a vena  rub  is  shown  in  Figures  7,  8 and  9.  rigure  7 is  an  uncoatad 
disc,  chattar  marks  from  tha  vann  are  evident.  These  art  the  result  of  looalissd  metal  buildup  and 
indicate  that  a vary  high  vibration  level  is  generated  in  the  vans  during  rub  with  the  bars  disc.  Fig- 
ure 8 is  of  a rotor  plasma  sprayed  with  a conventional  aluminum  oxide  abrasive.  Although  chatter  marks 
have  been  eliminated,  the  metal  transfer  to  the  disc  is  exaessive  indicating  limited  surface  life  and 
potential  problems  in  rubs  with  multiple  vanes.  Figure  9 is  a photograph  of  an  RC-l  abrasive  coated 
disc.  This  disc  has  bean  through  the  eama  rub  test  as  tha  two  previous  discs  but  no  evidence  of  metal 
transfer  or  coating  damage  can  be  observed.  In  Figure  10  the  appearance  of  this  rub  is  shown  in  actual 
operation.  To  tha  left  of  the  picture  ia  a steady  stream  of  sparks  similar  to  those  generated  by  a 
grinding  wheel.  This  steady  grinding  operation  continues  throughout  tha  rub.  Whan  uncoatad  discs,  or 
discs  coated  with  plaama  sprayed  aluminum  oxide,  are  tested  in  this  manner  tha  stream  is  intermittent 
indicating  that  tha  thermal  growth  occurs  during  rub  until  sufficient  heating  occurs  to  malt  tha  tip  of 
the  vane.  At  this  point  the  molten  metal  is  thrown  clear  and  the  rub  ia  interrupted  until  tha  vane  has 
advanced  sufficiently  to  resume  contact.  Thin  is  an  undesirable  situation  since  it  tends  to  oraats  a 
destructive  rub  mode  and  gives  considerable  excess  vena  vaar,  amounting  to  0.25  am  (10  mils)  in  most 
oases  dua  to  thermal  expansion  of  ths  vane  resulting  from  frictional  heating. 

Three  grades  of  tungsten  oarbida  wars  tasted  and  as  predicted  upon  examination  of  ths  coating  prior  to 
test,  the  ooarser  the  grain,  tha  better  the  cutting  action  and  the  leas  metal  transfer.  The  abroad ua 
carbide  coating  allowed  heavier  transfer  then  any  of  ths  other  materials  tested  and  was  dropped  from  the 
program, 

Tha  next  ariteria  used  in  evaluating  the  coating's  effactiveness  was  tha  temperature  recorded  by  a 
Chroma!  Alumel  thermocouple  located  2.5  usa  (0.10  in.)  from  tha  tip  of  tha  vane  at  ths  time  of  initial 
oontact.  Theaa  data  are  reported  in  Figure  4.  The  temperature  indicated  by  this  thermocouple  legged 
the  oontact  temperature  dua  to  the  aaea  of  the  vane  end  ths  distance  to  the  rub  eras.  Actual  vane  tip 
temperature  was  sufficient  to  generate  melting  in  most  testa.  An  indication  of  the  magnitude  of  this 
delay  is  the  discrepancy  between  tha  temperature  readout  of  543*C  (1010*F)  for  ths  vane  rub  on  the  bare 
disc  in  comparison  with  the  probable  tip  temperature  in  excess  of  1482*C  (2700*F)  as  indicated  by  the 
melting  of  tha  vena  tip,  Xn  ell  oases , the  application  of  a coating  to  tha  rotor  reduced  the  tsnpara- 
tures  observed  on  the  vane,  However,  with  ths  exception  of  tha  RC-l  ooating,  all  coatings  tested  still 
created  melting  of  the  vena  tip.  Increasing  the  groin  six*  of  tha  tungsten  carbide  abrasive  did  not 
reduce  the  indicated  vane  tsmperatura . The  rsveraa  occurred  with  the  tungsten  carbide  abrasive  giving 
an  indicated  vane  tsmperatura  of  301 *C  (573*F)  for  ths  fin*  aiatarial  and  a tsmperatura  of  512*C  (953*F) 
for  the  ooarse  material.  This  represents  e nominal  grain  sisa  variation  of  -325  mesh  for  the  fine 
material  a*  opposed  to  -150  mash  for  the  ooarse  material.  The  chromium  carbide  gave  a slight  tsmperatura 
reduction  of  21*c  (60*F) . These  temperatures  era  almost  idsntical  with  those  obtainsd  with  ths  ooarse 
tungsten  carbide  ooating.  Tha  ooersa  aluminum  oxide  coating  reduced  the  measured  temperatures  to  43B»c 
(820*?)  again  indicating  earns  improvement  in  performance . 

Strain  data,  Figure  5,  generally  paralleled  the  temperature  data  Indicating  the  effectiveness  of  tha 
ooati.ig.  Tha  oorrelation  was  qualitative,  not  quantitative,  aa  was  the  speed  loss  during  rub.  Ths  data 
obtained  from  tha  bars  disc  was  inconsistent  with  that  obtainsd  from  the  coated  disc,  with  regard  to 
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•train  and  speed,  and  this  discrepancy  has  not  been  rssolvsd.  lbs  disc  ooatsd  with  sharp  abrasive  grain 
(PC-1  aouting) , showed  an  increase  in  spesd  during  rub  caused  by  a alight  satoo thing  of  the  disc  during 
initial  contact,  ihe  reduction  in  air  drag  was  greater  than  the  frictional  drag  on  the  disc  due  to  rub. 

An  overall  acceleration  of  the  disc  was  thus  recorded  for  a constant  driving  force  on  the  turbine. 

The  air  drag  imparted  to  the  disc  by  the  rough  abrasive  coatings  is  calculated  from  the  power  required  by 
the  driving  turbine.  The  bare  uncoated  diac  was  used  aa  a baseline  and  given  an  arbitrary  value  of  100. 
Increased  stass  flow  required  through  the  turbine  to  stabilise  at  operating  speed  was  calculated  and 
converted  to  relative  percentage  as  ccstparsd  with  the  bars  uncoated  disc.  On  this  scale  the  increase  in 
power  SMOUnted  to  between  10  and  15  percent.  The  date  obtained  are  presented  in  Figure  6.  This  meaaura- 
nent  is  useful  in  assuring  reproducible  testing  and  Caspar ing  overall  ooating  roughness.  It  la  not 
applicable  to  compressor  operation  where  the  effect  is  not  dstsatabls  based  on  full-scale  rig  test. 

Appearance  of  the  vane  tips  after  a rub  is  vary  revealing  as  to  the  effectiveness  of  s coating  in  pre- 
venting overheating  and  stock  rsasoval.  The  appearance  of  a natal-natal  rub,  also  characteristic  of 
essentially  all  of  tha  plasna  tprayad  coatings  is  shown  in  Figure  11.  The  alloy  reaches  a taaqmratura 
near  tha  nelting  point  at  which  it  is  readily  extruded.  This  extension  of  the  uaterial  is  relatively 
syne  trie  showing  essentially  no  preference  to  nova  the  material  in  tha  direction  of  the  notion  of  the 
diaa.  With  an  efficiant  cutting  material,  a.g. , tha  HC-1  coating,  this  extrusion  of  material  does  not 
occur  aa  is  shown  in  Figure  12.  The  vans  is  uniformly  ground  with  minima*  heating.  Essentially  no  burr 
is  formed  that  would  interfere  with  blade  asrodyr, males . 

% 

In  ranking  of  abraaiva  costings,  the  two  nost  significant  taat  paramatara  appear  to  ba  temperature  riss 
and  Maximum  strain  during  a rub.  These  data  for  raprssentativa  oca tings  ara  illustrated  in  Figures  4 and 
5.  The  results  show  that  Many  of  tha  plasna  sprayed  coatings  ara  little,  if  any,  better  than  the  unooated 
alloy.  The  SC-1  ooating  with  the  retained  sharp  abrasive  is  the  outstanding  coating.  This  ooating  was 
selected  for  a full-sis*  rig  tast. 

Tha  comparison  of  coated  versus  uncoated  rotors  during  vans  tip-rotor  rub  is  clearly  shown  in  Figure  13. 
These  tests  were  conducted  on  * full-aise  rig  to  confirm  the  results  obtained  in  the  laboratory  with  full- 
aise  engine  components.  The  vanes  to  tha  laft  have  bean  rubbed  against  tha  SC-1  coated  rotor.  Except 
for  a vary  thin  wira  edge,  no  van*  deformation  or  burning  has  occurred.  The  vanes  rubbed  against  the 
uncoated  rotor  ara  shown  along  aids  and  tha  haavy  burrs  on  these  vanes  can  easily  be  seen.  It  is  also 
evident  that  the  vans*  rubbed  against  the  unooated  rotor  have  a burr  both  on  tha  leading  edge  and  tha 
trailing  adga  as  in  tha  laboratory  teats. 


CONCLUSIONS 

Properly  engineered  abrasive  coatings  applied  to  turbine  compressor  rotors  ara  an  sffaotiva  msans  of 
reducing  taeperature  increase  during  rub  and  eliminating  axcassiva  vane  strain.  These  coatings  can  be 
applied  with  sufficient  reliability  for  production  usage  on  compressors  operating  ip  to  427*C  (BOO'F) . 

Sons  loss  of  efficiency  night  be  expected  due  to  the  increased  surface  roughness  of  the  rotor.  However, 
this  represent*  only  a small  percentage  of  the  total  rotor  area  and  tha  affect  would  not  be  detectable 
in  normal  operation.  Tha  increase  in  efficiency  due  to  operating  with  niniawn  vans  clearances  will  far 
nor*  than  offset  this  alight  inareaee  in  aerodynamic  dreg. 

Tasting  of  various  coatings  showed  that  conventional  flans  and  plasma  sprayed  coatings  loss  nuoh  of  their 
effectiveness  due  to  a rounding  or  smiting  of  the  sharp  sdgss  of  the  abraaiva  grain  during  application. 
Whan  tha  sharp  edges  of  tha  grain  were  maintained  by  other  bonding  methods,  cutting  efficiency  was  greatly 
Increased  and  the  overheating  cr  malting  of  the  vano  tips  was  eliminated.  Inorganic  low  tanperaturabondu 
for  the  abrasive,  e.g.,  the  one  ueed  in  RC-1,  afforded  the  best  grain  sharpness  retention. 

"urthsr  work  will  be  conducted  with  these  costings  not  only  for  uss  on  the  turbine  compressor  rotor  but 
also  on  blada  tips  to  overoaeae  rub  problems  in  tha  blade  housing  area.  The  uss  of  tha  reduced  running 
clearances  allowed  through  application  of  abraaiva  coatings  to  parts  that  may  oons  in  high  spesd  oontact 
during  operation  ia  expected  to  reduce  overall  fual  consumption  of  ths  turbine  anginas  significantly. 

In  evaluating  an  abraaiva  ooating,  the  visual  examination  of  the  specimens  after  test  for  burrs,  malting 
and  metal  transfer  is  one  of  the  most  reliable  means  of  evaluating  their  performance.  Instrumented  data, 
such  as  strain  gauges  and  thexnooouplas , ara  helpful  in  this  evaluation  but  ths  data  generated  are 
insufficient  for  a final  decision.  Tha  teat  rig  built  for  this  program  beoussa  of  its  versatility  and 
ths  spesd  with  which  it  auy  be  adapted  to  other  configurations  and  ths  rapid  teat  turn-around  has  proven 
invaluable  for  gaining  practical  insight  into  tha  behavior  of  high-speed  rotating  oomponanta  during  rub. 


TABLE  1,  INITIAL  SCRIININQ  TEST  RESULTS  Foil  nOTOH  ABRASIVE  COATINGS  APPLIED  TO  AN  AEI -U0  BASE 


Adherence 

J 

Abruiv*  flyatem 

Com  of 
Applkatkn 

•urfaoe  Rnttghnee* 
metres  to.) 

Mlc  roe  t nurture 

Appearance 

Bend  Teat 

(*  Material  Loot) 

Tenaile  Bond  Btreogth 
(MPa  - pal) 

Abrasive  Grain 
Appearance 

! 

! 

Niokei  AtajaloU*  M 

Aluminum  Oxide 

Difficult 

4,4-171 

Laminar  with 
approximately 

19  percent  abrasive 

30 

29  - 4200 

Hounded  edge* 

i 

-1 

Plasma  ip rayed  Aluminum 
Oxkte  (SI  > IB  micron#) 

Mode  ret* 

8,0  - 100 

Lamina v with 
discontinuous  rolde 

80 

47  - 8800 

net  with  rounded 
comers 

1 

! 

Flam*  Rprayed  Aluminum 
Oxide  (TO  > 10  micron*) 

Difficult  to 

control 

thiekneu 

8,7-118 

Similar  to  plasma 
■preyed  with  larger 
void* 

15 

Q8  - 7800 

Ovoid 

t 

) 

RC-1 

iMUy  applied 
to  required 
til  o knee* 

10.8  - 485 

Projecting  abrasive 
grain*  bonded  to 
eu  bet  rate 

5 

N/A 

Sharp  blacky 
grain* 

i 

Cobalt  Bended  Tungsten 
•ubide  (41  > 30  micron*) 

Moderate 

4.8-  130 

Fine  uaiiormly 
dlaperaed  abrasive 
(rain*  in  metal  matrix 

5 

89  - 7800 

Metallic  ooatlag 
on  abrasive 

1 

Cobelt  Bended  Tuugeteo 
Carbide  <M  > M mloron*) 

Moderate 

8.1-380 

Uniform  structure 

WiW'i  evenly  dUpereed 
grain* 

10 

45  - 8800 

Hounded  abrasive 
grain* 

i 

j 

i 

Cobelt  Bonded  Tm**t*n 
Carbide  (14  > 10  micron*) 

Easily  applied 
to  finiah 
dimen*  Me 

14,4  - 873 

Open  atructure  with 
appioxlmately  20 
percent  voids 

10 

88  - 8400 

Large  round 

grain* 

i 

I 

Nickel -Chromium  Bonded 
Chromium  Carbide 

Moderate 

1,3  - 280 

Fine  fused  eppearaao* 

10 

84  - 9309 

Fine  grain* 
dispersed  In 
metal  matrix 

i 

1 

l 

Nickel  AhuninUe  Bonded 
Chromium  cavblde 

Moderate 

4,4-178 

Laminar  structure 
with  discontinuous 
voids 

10 

30  - 4300 

Fine  rounded 

grain* 

l 

l 

! 

I 
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FIGURE  6.  RELATIVE  POWER  TO  DRIVE  COATED  AND  UNCO  AT  ED  ROTORS  A3  A FUNCTION  OF  SURFACE 


FIGURE  10.  APPEARANCE  OF  RC-1  DURING  RUB  TEST 
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DISCUSSION 


AJ.BJaduon,  UK 

You  mentioned  that  the  roughness  of  the  coating  caused  negligible  aerodynamic  loss.  Have  you  conducted 
systematic  tests  to  separate  the  effects  on  aerodynamic  performance  of  tip  clearance  and  coating  roughness? 

Author’s  Reply 

No.  I have  not.  Closing  the  tip  clearance  is  of  course  the  general  basis  of  abrasive  coating  itself,  and  there  is  no 
way  for  us  to  close  the  tip  clearance  on  the  engine  without  some  means  of  inhibiting  the  heating  of  the  rotor  under 
adverse  conditions  or  eccentricity  of  operation.  The  only  quantitative  information  1 might  say  on  this  is  that  in 
the  operation  of  the  engine  we  can  see  a difference  in  its  operation  from  the  standpoint  of  aerodynamic  efficiency 
changes. 


J.G.Ferguson,  UK 

I am  not  sure  you  mentioned  in  your  talk  whether  you  machined  the  coating  after  you  have  applied  it? 

Author’s  Reply 

No,  it  is  applied  to  actual  thickness.  It  is  applied  to  within  approximately  ±25  pm.  Machining  is  really  not  feasible. 
You  would  have  to  diamond  grind  it.  And  we  would  get  into  an  expensive  operation  in  doing  so.  We  think  the 
accuracy  of  1/1000  in.  is  satisfactory. 


W.B.Litchfield,  UK 

What  u the  approximate  bond  strength? 


Author’s  Reply 

I did  not  go  into  these  details  of  bond  strength.  It  is  very  difficult  actually  to  measure  bond  strength  on  a coating 
of  this  sort  since  it  is  completely  open  structure.  But  my  rough  guess  would  be  that  we  are  talking  about  a bond 
strength  of  about  800-1 000  psi. 


W.B.Litchfield 

Describe  process  details  with  respect  to  application  of  RC-i . 

Author’s  Reply 

It  is  sprayed  on  like  slush  and  fired  at  a thousand  degrees  Fahrenheit  actually.  The  binder  diffuses  at  that  point, 
reacting  very  slightly  with  the  aluminium  and  so  the  entire  component  there  is  fired.  It  is  well  within  heat  treat 
cycle  of  the  rotor  which  is  about  1 125°F, 


W.B.Litchfield 

Can  the  coating  be  applied  to  vane  tips? 

Author’s  Reply 

We  have  investigated  and  we  are  investigating  tip  clearance  coatings  of  various  kinds.  For  the  low  temperature 
application,  there  is  no  question  that  it  could  be  bonded  on  to  tip  vanes  or  tip  blades.  The  use  temperature  of 
this  particular  composition  is  1000*F.  There  are  other  programs  in  operation  with  Solar,  General  Electric  C"  . 
and  NASA  in  which  we  are  looking  at  coatings  aimed  at  maintaining  the  abraaive  on  to  about  1000°C.  It  is  s 
question  of  controlling  that  bondir.g  mechanism.  The  grains  wi;  very  effective  at  high  temperature.  Our 
experience  is  that  flame  spraying  is  not  so  effective.  It  is  necessary  to  use  a bonding  technique  around  the 
edges  of  the  grains,  benefiting  by  the  special  structure  of  the  grain  itself. 


W.B.Litchfield 

Does  the  coating  here  influence  in  the  fatigue  properties  of  the  substrate  material? 


Author’s  Reply 

No,  not  at  all. 


H.L.Stocfcer,  US 

Relative  to  Figure  6,  what  was  the  absolute  horsepower  measured? 


Author's  Reply 

The  power  levels  used  to  be  a requirement.  Power  was  measured  by  taking  the  volume  flow  of  air  through  the 
turbine  that  drove  the  rig. 


H.L.Stocker 

Did  you  account  for  possible  turbine  efficiency  change  in  determining  relative  horsepower? 

Author’s  Reply 

This  has  been  considered  but  it  seemed  to  be  unnecessaiy  since  experience  with  test  rigs  driven  by  electric  motors 
showed  that  distinction  was  not  possible  whether  a coating  had  been  applied  or  not.  There  seems  to  be  evidence 
in  hand  that  the  effect  is  small  relative  to  others  during  operation. 


HL.  Stocker 

Did  you  run  back-to-back  tests  with  a smooth  and  rough  (abrasive)  surface  at  the  same  clearance  in  your  compreaaor 
rig? 

Author’s  Reply 

Back-to-back  tests  were  made  for  a vane  tip  clearance  of  approximately  30  mils.  At  our  system  the  drag  is  primarily 
an  aerodynamic  drag  of  a disc  freely  rotating  in  a confined  chamber  and  at  constant  clearance  - no  difference  was 
noted. 


H.L.Stockcr 

The  possible  effects  of  surface  roughness  on  tile  airfoil  velocity  diagrams  were  not  evaluated  or  determined  in  the 
way  you  ran  your  compressor  rig. 

Author’s  Reply 

No. 


G.HalK  UK  ^ 

You  talked  about  catastrophic  failures  that  you  occasionally  experienced  oft  the  engine.  Have  you  managed  to 
reproduce  them  on  this  rig? 

Author’s  Reply 

Well,  the  catastrophic  failures  that  had  been  experienced  are  relatively  few.  If  you  remember  the  design  of  the  rig 
it  used  a solid  wheel.  The  example  that  I showed  happened  to  a ring  spacer.  It  is  only  with  ring  spacer  of  course 
when  any  problem  occurred  in  any  engine  facility. 

Let  me  just  add  another  comment:  We  have  a program  now  with  the  Aero  Propulsion  Laboratory  in  which  we 
plan  to  investigate  the  distribution  of  heat  within  the  ring,  a program  in  which  we  are  going  to  study  the  heat  flow 
under  various  ingression  rates,  the  heat  flow  within  the  vane  itself  and  within  the  separated  ri.gs.  But  within  that 
wheel  we  could  not.  We  were  only  looking  at  temperatures  exclusively  within  the  vanes.  At  that  point,  we  were 
unable  to  measure  the  rotor  temperature  rise.  These  are  vane  temperature  rises.  Now,  with  the  new  setup  with 
the  telemetering  system,  we  will  messure  the  strain  in  the  ring,  the  temperature  distribution  in  the  ring  and  alio 
in  the  vane  much  more  thoroughly  than  waa  possible  in  this  particular  program. 


APPLICATION  DfiS  FEUTRES  METALLIQUES  OHP 
AUX  JOINTS  D'ETANCHElTE  DE  TURBOMACHINES 
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Maumt 

L'ONERA  a crM  d*i  fautvaa  mdtalllquai  qui  M carMtirlHnt  par  unc  tr*i  fortt  poroilt*  (|uiqu'4  95  HI  at 
un*  atfuetur*  (in*  (llbrai  tubulalraa  da  10  a 30  pm).  La  procfeM  comlata  t tMpotar  par  "ola  ilactrolytlqua  un 
mttal  comma  la  nlckal  aur  daa  flbrH  da  carbon#  provanant  da  la  pyrolyie  da  la  callulota.  Cat  flbrai  an  vrac  aont 
transform**!  an  fauttai  au  moyan  da  taehnlquti  papttliraa  da  addlmantatlon  par  gravlti  ou  centrifugation,  Un 
frlttag*  contollda  I’MKIca  at  dllmln*  la  carbona. 

L'txtr-'  a plait Icita  da  eat  fautret  at  laur  aptitude  * racavolr  par  dlffuilon  gaxauaa  du  chroma  at  da  I'alu- 
mlnlum  an  for.:  dai  matdrlaux  parllculldfamant  blan  adapt*!  * la  fonctlon  da  |olnta  d'ltanehait*  da  turbomachlnai. 
La  Soclit*  Haurchroma  a prli  an  charge  laur  ddnloppamant  (doii  laur  nom  OHP,  pour  ONERA  Hauta  Poroait*). 
Ella  a mil  an  ceuyr*  dat  technique*  da  xallamant  mdtallocdramlqut  pour  lat  tonal  * baiaa  at  moyanna 
tampdratura  (lutqu'k  600*0,  at  daa  procddii  da  braitga  pour  lat  tampdraturaa  lupirlauraa.  I.n  Jolnti  alnil  rSallM* 
lont  opdratlonnala  luiqu'i  DOO'C  ; Hi  aont  au  itada  dal  aiuli  au  banc  pour  In  tamptraturai  iup*rlatrrai,  juaqu’b 

toeo*c. 


APPLICATION  OF  THE  OHP  METALLIC  FELTS  TO  TURBOMACHINES  SEALS 


Summary 

ONERA  davalopad  matalllc  falti  charactarltad  by  a vary  high  poroilty  (up  to  95  H)  and  a line  itructura 
(10  to  SO-pm-dla  tubular  fibara).  The  procau  comiati  In  dapoiltlng  by  alactrolytlc  maam  a matal,  auch  m nlckal, 
on  carbon  flban  mada  by  pyrolyili  of  calluloaa.  Thaaa  loo!*  flbari  ar*  traniformad  Into  falti  hy  maam  of  papar 
vmrki  tachnlquai  of  wdlmantatlon  by  gravity  or  centrifugation.  A llntarlng  oparatlon  coniolidatn  tha  matarlal 
and  allmlnatai  tha  carbon. 

Tha  axtram*  plaatlelty  of  thaaa  lalta  and  thalr  aptltuda  to  racalva  by  gaiaoua  dlffuilon  chromium  or  alu- 
minium  make  thorn  pcrtlcularly  lultabla  for  turbomachlna  laala.  Tha  Haurchroma  Company  took  charge  of  thalr 
Induatrlal  development  (hanca  thalr  name  OHP,  for  ONERA  High  Poroaltyl.  It  Implemented  matallo-caramlc 
■aallng  tachnlquai  for  tha  low  and  medium  tamparaturan  (up  to  600'C)  and  bracing  proceaaee  for  higher  tamp*, 
raturaa.  The  aaali  fabtlcatad  thia  may  ar*  operational  up  to  800*C  , they  ar*  at  tha  bench  tatting  nag*  for  higher 
temperature*,  up  to  1050*C. 


INTRODUCTION 

L'  accrolaaaaant  du  randataant  tharoo-dynani- 
qua  daa  turbonachinaa  lat  un  aouci  conatant  daa 
raotoriataa.  L' augmentation  daa  taaqxEraturaa  at 
dea  praaaiona  qui  contribu*  puiaaaaaaant  1 catta 
Evolution  a confir*  un  rSl*  primordial  aux  joints 
d'EtanchlltE  antra  las  diver*  nivaaux  da  prasaion. 

Las  joints  das  turbinas  4 gas  s joints  dt 
labyrinth**,  joint*  da  cartara  eonprasaaura, 
joint!  dt  cartara  turbinaa,  doivant  raapllr  1 
priori  troi*  condition*  aaaantialla*  t 

- fort*  poroiitE  global*  t condition  d*  liglrstl 
at  d'innocuitl  pour  Its  plica*  antagoniata. 

- atruetura  fin*  t condition  da  bonna  EtanchEitE 
at  d'abradebilit*  rSguliSra  at  inoffonilv*. 

- rSalatanca  4 l'oxydation  at  4 la  corrosion  pour 
Is*  application*  oil  las  joints  travaillsnt  I 
hauta  ou  snyanna  taaplratura. 

Da  plua,  caa  caractSristiqua*  ns  doivant  pas 
ttra  obtanusa  au  dltrinaut  da  laur  rEaiatance  aE- 
caaiqua,  an  particuliar,  riiiatanca  4 1 'Erosion 
par  Isa  gas  circulaut  4 grands  vita***. 

Laa  travsux  qua  1 'ON ISA  a conduit  dans  c* 
domain*  s*  aont  orisntEa,  d4s  l*  d Apart,  vara 


la  crEation  d'un  fautr#  nattalliqua  qui,  par  *a 
atruetura  anchavatrda,  prisantt  una  aoliditE 
connidExablaaant  aupEriaura  aux  matfriaux  da  mama 
poroaitd  provanant  du  frittag*  da  ptrticulaa  fi- 
nal at  (qulaxas.  (I) 

La  nlthoda  da  fabrication  dEflnla,  parfaite- 
mant  original*,  a parole  d'obtanir  un  natEriau 
adaptable  aux  divars  probllaaaa,  parfoia  tria  dif- 
ficilai,  raucontrta  dans  ca  donaina  daa  joint* 
da  turbines  4 gas. 

Catta  nEthod*  prEvoit  la  fabrication  d'un 
foutr*  da  nlckal  pur  qui  aat  1'ElEaant  da  dEpart 
da  tout*  un*  aEria  da  produita  different*  adaptEs 
4 chacun  daa  probllaMS  apEcifiquaa.  Ca  fautr*  da 
da  nlckal  sat  anauita  tranaforoE  par  da*  opEra- 
tions  da  taltalliaatlon  qui  paroattanh  d'obtanir 
un  fautr*  boauglu*  da  composition  t nlckal-chrosM, 
far-nickal-chroaaa,  nlckal -aluniniua,  nicksl-fsr- 
chroaaa-sluainiua,  nickal-chroaw-aluniniua,  ate. 

Cartslnas  da  ca*  opErationa  da  aEtalliaatlon 
pauvant  Strs  rEalisEsa  aur  la  f autre  lul-ala* 
avant  nia*  an  plac*  aur  son  support.  Cartainaa 
autraa  n*  aont  affaotuEa*  qu'aprE*  braaag*  daa 
f autraa  aur  laur  support.  In  particuliar,  catta 
dsrniir*  srithod*  paroat  d'obtanir  daa  fautras  oa- 
pablaa  da  rEslatar  4 das  taaipEratura*  larganant 
•updriauraa  4 I000*C, 
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Pour  das  raisons  da  commoditt  cas  fautraa 
nitalliques  ONERA  1 structure  fine  at  haute  poro- 
sitfi  saront  diaignea  par  1 'expression  feutras  OHP 
(pour  "ONERA  Haute  PoroaitS") . On  exaainera  succes- 
aivamant  leu?;  fabrication,  laurs  caractiristiquaa 
at  laui  application  aux  difffirents  joints  d'itan- 
chfiti  das  turbomachinei . 


I.  FABRICATION  DBS  FBUTjtKS  OHP 
A-  Feutras  da  Nic.fcel 

La  technique  ratanua  pour  catte  fabrication 
ast  baste  assantialLsaant  sur  1 'utilisation  da 
fibres  aftalliquea  obtenuss  par  dfpSt  llectroly- 
tiqua  sur  das  fibres  da  carbons.  La  fautra  eat 
rial is*  an  cinq  operations  principals  succassi- 
vas. 

a.  Das  fibres  da  lallulosa  sont  pyrolysis*  an 
vrac.  A lOOO’c,  sous  protection  d'une  atmosphere 
(I'axota  anrichia  da  xylina,  pour  obtenir 

par  dipSt  da  carbons  pyrolytiqua,  la  conductibi- 
lit < nicaaaairu. 

b.  Las  fibres  da  carbons  einei  obtenuss  sont  ra- 
vfituac  da  nlcksl  par  dipSt  tlectrolytique  au 
tonnaau. 

c.  Lei  fibras  nlckaliaa  sont  diuperstss  dsns 
l'ssu  puis  afdimentiea  par  gravitation  ou  cantri- 
fugstion.  On  obtiant  ainsl  un  fautra  brut  qui, 
bisn  quo  peu  solids,  ast  nianmoina  aisfaaent  suni- 
pulabla. 

d.  Catta  tbauche  ast  ensuita  frit  tie  A 10'0'C 
dens  1'hydrogAne  liumide  ca  qui  a pour  sffet  da 
consolider  par  diffusion  lea  points  ds  jonction 
at  d'iliminar  la  carbons  sous  forma  da  CO  St  da 


a.  Enfin,  la  materiau  peut  Stra  plant  at  comprint 
pour  adapter  aa  structure  I 1 'utilisation  envisa- 
ge. 

Cette  technique  de  fabrication  donne  su  mat- 
tre  d'osuvre  , la  possibilitt  d'incervenir  sur 
touts  une  stria  da  paramitraa  an  court  de  faori- 
cetion.  Las  caractAriatiquea  du  produit  final 
■ont,  an  constquancc,  modifitea.  Farm!  las  para- 
mitres  important!,  on  peut  citar  la  n <ture  de 
la  cellulose  (coton,  viecose,  etc.),  i 'tpaiseeur 
du  dtpSt  tlactrolytique  de  nickel,  la  tempfreture 
de  frittage,  la  taux  do  compactago. 

B-  Feutras  d'alllage 

La  fautra  da  Nickel  ast  un  daai  produit  qui 
pourrait  dtji  stra  utilist  pour  cartalnas  appli- 
cations jusqu'l  400*  anviron.  (pramiara  ttagea 
du  compraasaur) . 

En  fait  pour  limitar  la  nombra  da  cattgoriaa, 
c'aat  un  fautra  nickal -chroma  dont  la  tanaur  an 
chroma  aat  comprise  antra  25  at  301  qui  aat  utili- 
at  pour  toutas  lea  applicationa  allant  da  la  tarn- 
ptratura  ambiante  A 750*C.  Cat  anrichisaament  an 
chroma  du  fautra  da  nickal  aat  rtaliaf  dans  las 
conditions  cUaaiquaa  d'una  chromisation  an  pou- 
dra  ayant  comma  caracttriatiquaa  esaantielles  t 

- una  forte  concentration  an  dltmenta  donnauri 

- una  bonne  povositl  du  ctmant  parmattant  un 
trausfart  aiat  par  diffusion  gasauae 

- un  doaaga  prtcia  du  cdmant  pour  tvitar  la  for- 
mation da  chroma  alpha  dana  las  fibraa  du  fau- 
tra, ca  qui  las  randraiant  duraa  at  caaaantas. 

D'autras  opirationr  da  farrisation  at  d'alu- 


miniaation  pauvent  figalement  etre  privue*.  En 
particulier,  l'opiration  d'aluainiaation  qui  eat, 
an  gtniral,  rialiaia  aprAa  braaage  du  fautra 
aboutit  A un  mntiriau  capable  da  riaister  A dea 
taapiraturea  d'utilisation  aupAriauraa  A lOOO'C. 

Da  plus,  l'opiration  d'aluainiaation  parmat  an 
caa  da  fixation  du  fautra  par  braaaga  da  trana- 
formar  la  nature  de  la  braoure  dana  la  aana  trAs 
favorable  d'un  accroinamant  ainultani  du  point 
da  fuaion  at  de  la  rftiatance  A la  corrosion. 

II.  CARACTERISTIQUES  DES  FEUTRES  OHP 

Laa  fautres  OHP  priaentent  un  cartain  nombra 
de  caractiriotiquaa  originalaa  qui  sont  liiaa 
eaaantialiamant  A lcur  atructura,  A laur  comporta- 
ment,  at  A laur  mithodt  da  fabrication. 

A-  CaractAriatijuej_ligaa_|_la_forma_d*a_f ibres 

Las  fibre  mitalliquaa  qui  conrtituant  la 
fautra  sont  tout  A fait  dlffirantee  das  fibraa 
obtanuai  par  voia  micaniqua  A partir  d'alliagaa 
dffinia.  Eilaa  sont  tubulairaa  at  pau  vrilliea. 
Catta  morphologioa  part iculiira  conduit  A una  ra- 
marquabla  homogfniiti  das  fautraa  at  A una  bonno 
resistance  an  traction  fig. 1. 


Fig.  I - Slnicturv  d'un  hutr*  dt  nlcktl  IOOCIS  mdtumt  »n  i/idtnct  Id 
wctirt  tubulthd  dtt  fibmt. 


Da  plus,  la  compaction  du  fautra,  grtce  A 
catta  caractiristlque  paut  sa  fairs  da  faqon  tria 
homogina  dana  touts  l'ipaiaaaur,  at  dans  da  trAs 
larges  limits*  da  danalti,  puiaqu'il  aat  possible 
da  paaaar  d'una  poroaiti  dt  951, i una  porositi 
da  402,  an  consarvant  una  excel lante  homoginiiti. 

Las  fibraa  utilises  dans  las  fautraa  OHP  ont 
una  troiaiAma  caractirlatique  qui  a*t  trAs  impor- 
tant i laur  finesse.  Laur  diamAtre  ast  compria 
antra  5 at  30  microns,  at  laur  forma  tubulaira 
mi nag*  una  poroaiti  fartnia  dana  la  produit  final. 

Catta  association  da  fibrs  fins  at  da  porosi- 
ti  farmfs  confAra  das  caractiristiquaa  d'ttanchii- 
ti  aux  gas  trAs  supiriauras  A cal las  daa  matfriaux 

poraux  d'autra  origins. 

Laa  aaaaia  comparatlfa  mania  dana  ca  domains 

ont  fait  apparattra  ■ 


i 


. una  fquivalanca  d'itanchiiti  antra  un  fautra 
OHP  A 861'  de  poroaitf. 
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. un  fautra  4 fibres  m£caniquet  & 782  de  porositf, 
. un  frittf  poreux  4 moina  de  50X  do  porosit£. 

Cette  propriety  das  fautras  OHF  est  extriaa- 
aent  iaportants  dans  1 'utilisation  da  caa  aat6- 
riaux  pour  la  realisation  da  joints  da  labyrinths 
ou  da  joints  da  coaprtsatur.  Ella  paraat  d'utili- 
sar  la  fautra  dans  una  tr4s  larga  fourchatta  da 
coapaotaga.  On  aaaurara  plus  loin  l'incidanca 
inport ant  da  catta  facility  sur  las  operations 
da  realisation  da  joints  de  turboaachinas. 


Tableau  recapitulate 


0-400*C  0-700*C  600-  700-  900- 

800*C  !000*C  SIOO’C 


Not*  ! Las  chiffras  qui  precedent  las  sytabolas 
indiquant  las  tenaurs  pour  10  raapectives  on 
nickel,  chroaa,  aluainiua. 

Las  chiffras  qui  suivent  las  syaboles  sont 
relies  1 la  tineas*  du  dipot  aiectrolytiqu*  (te- 
neur  an  carbons  das  fibres  an  vrac). 


Exaaplas  t 


Nature 

da  la 
cellu- 
lose 

DiaaA- 
tra  daa 
fibres 
tubulairaa 

Epaiissur 
au  paroi 

Co 

ti 

Ni 

apo 

jn 

Co 

li- 

A1 

820  CIS 

coton 

12 

3 

80 

20 

0 

622  V5 

vlar.oaa 

30 

7 

60 

20 

20 

B - Caracteristlqusa  li4es  | lUdjojjctiojt  d'614- 

ssBEi-ilaamj  “ 

a)  Fautraa  da  nickal-chroaM 

La  chroniautlon  das  fautres  da  nickel  OHP 
conduit  4 un  alliaga  nick*.' -chroaa  tris  ltosu}gtn« 

4 tanaur  un  chroaa  contrdlabl*  avac  precision.  11 
an  results  deux  avantsgas  i 

. uns  uaillaura  resistance  1 la  corrosion  nntaa- 
aant  4 uhaud, 

. un*  solidite  accrua  par  suits  du  r«inforcea#nt  at 
ds  1 'eiargissaaant  dts  points  da  contact  antra 
fibres. 


b)  Fautraa  da  nickel-alutainiua  ou  de  nickel-chro- 
ae-aluainiua 

L' aluainiaation  das  fautraa,  pour  etra  effi- 
caca,  doit  corresponds  4 una  tanaur  an  aluainiua 
ralativaaant  eiavCa  qui  anltva  au  aatCriaux  prn- 
tiquaaant  touts  ductilite.  On  volt  dont  l'intfrSt 
d'una  aluainiaation  rCalisCa  aprts  aisa  an  place 
d'un  fautra  chroaiae  ou  non,  par  exeaple,  aprts 
brasaga,  puisque  la  fautra  Ctant  d6j4  positionnC, 
on  na  lui  demands  plus  par  la  suits  d'etre  ductile 
aaia,  par  contra,  on  aouhaite  qu'll  ait  una  resis- 
tance & l'oxydation  at  4 la  corrosion  tout  an 
conaarvant  una  bonne  abradabilite. 

Laa  fautraa  OHF  aluainise*  presantant  sous 
cat  angla  daa  caracteristiquas  tout  1 fait  excep- 
tionnallaa,  puiequ'ila  pauvant  r6aiater  1 daa 
teap6raturaa  juaqu'4  I100*C,  an  maintenant  una  bon- 
ne tenue  1 1' erosion  at  das  caracteristiquas 
d'abrabilite  convanablaa. 

C - Caracteristiquas  li4«s  1 la  methods  da  fabri- 
catlon 

L'operation  da  sedimentation  das  fautraa  da 
nickel  qui  aat  *ffactu*«  dans  uu  taabour  tournant 
4 grande  vitaaaa,  asaurn  una  hoaogeneitC  parfaita 
du  fautra  OHP.  Laa  fibres  auaea  an  suspension  dans 
un  disparsaur  aont  distributes  dano  un  voluaa 
d'aau  ralativaaant  important  4 l'intdriaur  du  dia- 
positlf  cantrifugaur.  Cat  apparail  laiaaa  una  gran- 
da  latitude  dans  le  choix  das  epaisaaurs  qui  peu- 
vant  allar  da  0,4  A 10  na. 

La  procCde  da  fabrication  se  prats, lore  da 
caa  difffrantaa  sequences  principals!,,  1 daa  opC- 
rataura  da  controls  qui  peraattant  da  garantir  la 
fiabilite  at  la  raproductibllite  du  prodult  final. 

a)  ContrSla  das  fibres  an  vrac 

La  rapport  uassique  carbona/nickal  ast  assure 
systCoatiqueaent  avant  la  vidange  du  tonneau  d'e- 
lectrolyse. 

b)  ContrSla  du  frittaga  et  do  1 'elimination  du 
carbons 

La  taux  d' insoluble  dans  1 'acids  chlorhydriqua 
doit  etra  negligaabla. 

c)  Controls  da  l'ndjonction  d'Cl&aents  d'apport 

Aprils  chroaiaation  ou  aluainiaation  laa  gains 
da  poids  teaoignant  des  concentrations  attaints*. 


Sa£ast«Eie£iaittit-UlaL.I-kjUtEH£ia8ai 

Las  fautraa  OHF  prCsantent  snfin  una  conduc- 
tibilite  tharaiqua  axtr3swnant  bassa.  Si  l'on 
conpara  4 fpaieaeur  tgale  la  conductibilitC  thar- 
niqua  d'un  ftiutra  OHF  nickal/chroaa/aluainiua  at 
d'una  structure  nid  d'abtills  dans  laqualla  on 
a fait  un  rasqilisaage  approprie,  la  rapport  aat 
da  I 1 30  environ.  Catta  carsetiristiqu*  ast  tout 
4 fait  aaeantialle  puisqu'alla  a pour  affat  da 
acintenir  4 un  niveau  da  temperature  bsaucoup 
plus  bas,  I'anneau  support  das  joints  da  turbine* 
realise*  grScn  aux  fautiss  OHP. 

Cat  evantaga  n'aat  pa*  obtauu  au  detriment 
das  proprietes  aricaniquas  qui  sont  au  aoius  equi- 
valents 4 calles  dee  nattrinux  flbreux  d'autras 
originas  notaaawnt  an  oe  qui  concerns  las  rCsis- 
tancss  4 1 'abrasion a t au  choc  tharaiqua. 
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XII.  AtPli ICAT ION  DBS  FEUTRES  OHP  A LA  REALISATION 

DE  JOIWTS~D ' ETANC11KITK  Dg  TURBOHAC  HINES 

La  realisation  d'un  joint  da  turboatachine , 1 
partlr  da  natdriaux  frittis  ou  projetdi,  aa  haur- 
ta  2 una  difficult*  najeure  qui  aat  calls  da  la 
fixation  da  caa  uatZriaux  aur  la  aurfaca  da  l'an- 
naau  it  tiquipar. 

Lea  althodaa  da  projection  doivant  atra  miaea 
an  aauvra  avac  un  rtglaga  trZa  fin  da  toua  laa 
paraatZtraa , car  1 'adherence  aur  la  aubatrat  at  la 
qualite  Mata  dana  la  aaaaa  du  produit  pro j at* 
pauvant  Ztra  aodiflfea  da  faqon  irreversible  par 
un  lZgar  gliaaaaunt  da  l'un  das  paraaZtrei  da 
1 'operation.  Cat  inconvenient  aat  profonddaaaut 
raaaanti  par  laa  utiliaataura  qui  nt  pnuvcnt 
auffiaanment  a'aaaurar  d'un  controls  da  qualite 
indiacutabla. 

Laa  produits  frittle  poaant  la  probliaa  da 
1 'adherence  aur  la  aubatrati  1 'aauaublaga  na  pou- 
vane  pratiquenant  sa  fairs  qua  par  braaaga.  Ca 
braaaga  act  una  operation  1 temperature  raldtiva- 
sunt  dlavda  at,  an  raison  da  la  nature  du  auttf- 
riau  qua  l'on  doit  fixer  laa  problZiaaa  da  propre- 
tC  at  d'accoatage  aont  particuliZremant  diffiei- 
laa  1 rdeoudra. 

Dana  la  ddvaloppauant  das  fautraa  OHP,  ca 
problZma  a fait  l'objet  d'una  attention  particu- 
lars : 

1)  Ciuent  nftallocfraaiqua  OHC  732 

Dana  una  turbine  Z gax  laa  procidds  classi- 
quaa  da  collage  soot  la  plui  souvant  disqualifies 
i causa  du  nivaau  da  temperature.  Capandant,  la 
produit  OHC  732  da  nature  totalanent  inorganiqua 
parMt  d'attaindre  daa  taopdrautraa  da  aarvica  da 
500*C.  11  sa  prdaanta  sous  foraa  d'un  liquid*  via- 
quaux  qui  aprZs  cuiaaon  k 3*0*0  sa  transforms  an 
un  ciment  usinablo,  abradable,  trka  adherent.  11 
aab  insanaible  k l'aau,  au  kfroakna,  aux  huilaa 
mineral as  ou  h/drauliquaa . 

Son  utilisation  pour  la  sctllamant  das  fau- 
traa OHP  fivita  la  braaaga,  operation  delicate  at 
codteusa,  pour  toua  lea  joints  situda  dana  lea 
xonaa  Z bausa  ou  moyenns  temperature. 

Da  plua,  la  eluent  0*732  aat  soluble  dana 
la  aouds  cauati.qus  at,  da  c*  fait,  la  reparation 
das  plkcea  aur  lasquallea  la  fautre  OHP  a t td 
scelld  aat  olada  puisqua,  par  diasolution  du  el- 
uant, il  aat  poasibla  aans  usinage  d'dliminar  la 
fautr*.  Laa  caractdriatiquaa  gdndraUa  du  eluant 
OUC  732  aont  rasaambieas  ci-tprZa. 

- CAKACTKR1STIQUKS  DU  C1HEHT  OHC  732 

• CaractZriatlqusa  thamlquea 

- atabilite  tharnique  juaqu'Z  6SO*C 

- coefficient  da  dilatation  I 7,2  Z 10,1  x 10""® 

- conductibiiitd  tharuique  : 1.3*  x I0-4  goal/ 

cu2/aac/*C/cm 

- tanua  au  choc  thiralqua  i tramps  Z l'aau  Z 

partlr  da  5SO*C  sens  ecaillaga. 

• Caractdriatiquaa  phyaiquaa 

La  courba  ci-aprZa  represents  la  force 
d'adhCreuce  an  fonction  daa  tampdraturea  d'utili- 
aation.  (fig. 2). 


2$o  sqo ZSO^C 


Fig.  1 - Rtlttlon  ttltm  It  ttmpdrtlurt  tt  I'tdhdrtnct  tur  un  mittl  du 
dmtnt  OHC  752. 


• rdsiatancc  chlmiqua  : 

- exposition  an  brouillard  aalin  Z 52 

1000  heurea  : pas  d' apparition  de  rouilla 

- acids  faibla  : excallente  tenua 

- acids  fort  l mauvaisa  tanua 

- souda  caustiqua  I dissolution  rapide 

- kdroaZnc  at  hulls  : aana  affat 

- solvent  organiqua  i anna  affat 
2)  Braaaga 

Pour  1 'utilisation  daa  fautraa  Z temperature 
auperieure  Z 500'C,  il  aat  necaaaaira  da  rdaliser 
una  operation  da  braaaga.  La  aubatrat  itant  un 
suparalliagt  rdfractaira  contenant  du  ahroam  at 
da  L'aauniniua,  ndtaux  trZa  oxydablsa,  la  proble- 
ms du  uouillaga  as  posa  avac  acuitZ.  Pour  la  rl- 
aoudra  una  atmeaphtra  hydrogZnea  f lucres  uiaa  au 
point  Z l'ONERA  a dte  ratanua.  Ella  rapoaa  aur 
1 'Zqui libra  F2Cr  + H2  * — > Or  f 2 PH.  Un  axcZs  da 

chroma  uaintiant  constants  Is  concentration  an 
acids  f luorhydrique.  Ca  compose  facilita  la  reduc- 
tion d'oxydes  particuliZremant  rafractairsa  notau- 
mant , la  Cr203.  L'utiliaation  da  catta  atanaphlre 
provcqua  una  dlaoxyUation  parfaita  das  fautraa 
at  du  aubatrat  aur  laaquala  on  desire  fairs  la 
braaaga,  at  ca,  dana  un  tamps  ralativaamnt  court. 
Un  dauxiZaa  problZam,  calui  da  l'accoataga  du 
feutra  aat  Igalauant  trZa  dllicat,  car  Z la  tma- 
pkratura  da  braaaga,  la  plasticite  du  fautra  sat 
trta  grands  at  it  sat  necaaaaira  da  pouvoir 
oontrSlar  da  faqon  trZa  precise  la  praaiion  qua 
l'on  applique  aur  la  fautra,  al  l'on  vaut  iviter 
da  l’ecraaar.  Nous  avon*  auruonte  catta  difficul- 
tfi  an  utlliaant  una  tachniqu*  da  dilatation  dif- 
ferantialla,  an  naintanant  la  fautra  aurri  aur 
l'annaau  ou  l'on  vaut  la  fixer  grlc*  Z daa  prcaaaa 
an  graphite  aquipZaa  d'un*  via  da  ear rag*  an  inox 
dont  la  longueur  libra  determine  l'lcraaement 
d'accoatage  admia  pour  la  fautra,  (fig. 3).  Lu 
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maitrise  de  In  repartition  dea  brasurea  eat  aasu- 
r£e  grace  3 1 'utiliaation  d'adhdaifa  spfciaux  qui 
aont  constitufis  d'un  iiant  organiquc  Sllminable 
conportant  ime  charge  bien  diapersfic  de  braaure 
en  poudre. 


Fig.  3 - DispodtH  d'ttxotttgt  psr  dllstttbn  dlUtnntkll*  grtphite-lnox 
d'un  ftutn  nlcktl-chrosm  wr  un  tnnttu  tvtnt  brtstgt, 


3)  Realisation  dea  jointa  - choix  du  fautra 
at  da  la  mdthcde  da  miaa  an  placa. 


Fig.  S - Mia  an  pltct  ptr  sctDtmtnt  at  /olntt  a ur  dti  ctrttrt  dt  comprttttur 
d'unt  wrblnt  i par  Induttr/tllt  at  wr  dtt  Ixtyrlnthts  d’unt  turbomtchlnt  dt 
pttltt  pu/utna. 


A)  Formage  at  uainage 

La  grande  compact ibilitd  das  Ceutras  820C15 
penaet  da  las  utiliser  dans  un  trS*  large  Svon- 
tail  da  poroaitf.  En  consequence,  l 'uainage  du 
type  claaaique  par  anlfevemant  da  m'tilrea  peut 
atre  efficueement  remp lace  par  un  simple  compacts" 
ge  du  fautra.  II  paut  etre  rialiad  aoit  il  la 
moletta,  Bolt  aver  un  outil  A bout  rond.  (fig. 6). 
La  roulage  eat  ais&nant  prutiquablo  at  autoriae 
dea  rayons  de  courbura  raaarquablament  faiblas 
pour  un  uatfiriau  auaai  poreux.  (diamitre  ^ 10  x 

dpaiaaeur). 


Fig,  4 - Pita*  dt  ItPyrlnthts  d'unt  turbomtchlnt  dt  pttltt  pula*  ta  dont 
t'urm  comport*  3 pints,  It  plus  pttltt  tytnt  30  mm  dt  dltmdtrt. 

Las  jointa  qui  aont  auacaptiblaa  d'Stre  rea- 
lises grace  8 1 'utilisation  dea  fautra*  OHP  aont 
las  Jointa  da  labyrinthas  da  comprasaaur* , tea 
jointa  de  labyrinthas  da  turbines  (fig. A),  lea 
jointa  de  veinea  da  coaprasaaura  at  jointa  de 
veinea  de  turbines.  La  udthod*  d ' util iaation  dea 
feutraa  OHP  dent  ces  divers  caa  diffdre  de  fAgon 
esaantialLe  an  function  das  niveaux  da  tempfra- 
tura  oil  la*  jointa  ront  aituda.  On  peut  I priori 
donnar  la  rigle  auivant*  i 

. de  1’ambiante  8 500*0  I utilisation  dea  feutraa 
820C15 , ocelli*  au  ciawnt  OHC  732.  (2)  (fig. 5). 

. da  5Q0*C  il  750*0  i utiliaation  dai  feutraa  820 
C15  braala . 

. tampfratura  de  750  il  850*C  : utiliaation  da* 
feutraa  820V5  breads  (3). 

. taapdrature  suplriaura  8 BOO'C  i utiliaation 
d'un  fautra  820015  ou  820V5  braid  at  trsitaaent 
d ' aluminieat ion  da  1'a.nsaaabla  dr  la  plica  apria 
b visage.  (A). 


Fig.  $ - Annttux  dt  ctrttrt  dt  compntttur  Idlsmdtn  BOO  mm)  munis  dt 
hurt  faints  o 4tmch4lt4  tntlinmtnt  ttrmlnAs. 

En  ca  qui  concern*  lea  fautrer  aluaiiniafa, 
leur  uainage  na  poae  aucur.  probliaM  particuliar, 
mala  il  faut  signaler  que  pour  ccrtaine  cas  d' ap- 
plication, la  miae  en  forma  peut  atra  rdaliade 
par  compactsga  au  niveau  du  fautra  avant  1 'opera- 
tion d'aluminiaation. 

IV  - COHCLUSION 

La*  feutraa  mitalliques  ONEHA  8 structure 
fine  at  haut*  porositd  sa  aont  rCvdlia  particulil- 
rament  blan  adaptfs  1 la  fonrtion  da  jointa 
d'itanchditfi  da*  turbomachimn . 

Leur  extrio*  pleaticitf  initiate  facilit* 
coneidarablement  1 ' acquisition  de  Is  porositd 
optimal*,  conjointeaaent  avac  l'opiration  da  miaa 
en  forma,  tout  an  isuvagardant  l'indiapanaabl* 
lioaoifoliti. 
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La  caractAre  tubulaira  du  fibras  at  la  for- 
ta  poroaitfi  randant  lai  feutrea  an  nickal  raaur- 
quablaaant  apta*  A la  transformation  an  fautra 
d'alliagaa  riaistant  L La  corrosion  jusqu'4 
1050*C,  au  ac/en  daa  procttdfs  da  tranaport  d'414- 
aanta  d'apport  par  1'intanwdiaira  d'una  phaaa 
gaaauaa  halogfula . 

Pour  las  joints  aituCa  dans  daa  sonaa  1 taar- 
pdratura  infCrisurs  4 500*C  la  afthoda  da  aoella- 
aact  par  ciaant  attalluaicaniqua  pa mat  das  4co- 
nonias  conalddrablas  4 cauaa  da  aa  sinplicitd 
opdratoira  at  du  fait  qu'aucun  rabut  daa  supports 
n'aat  1 prtvoir  puiaqu'un  joint  ddfactuaux  paut 
Stra  ratiri  par  dissolution  dans  la  souds.  Ralati- 
vaaant  au  braaaga,  la  coQt  global  da  1' installa- 
tion d'un  joint  d'itanohiitt  aur  un  annaau  ast 
r tdult  da  aoltii. 

Au-dalA  da  800*0  1 'utilisation  d'un  fautra 
contanant  una  tanaur  iaportant  an  aluminium  sat 
obligatoira.  La  fragilitf  qui  an  ast  la  conadqusn- 
cs  poaa  da  radoutablsa  problAmas  da  aiaa  an  forma. 
Avac  la  procddA  qui  fait  l'objst  da  catta  comm- 
nication,  on  paut  a'affranchir  da  catta  aujttion 
an  effactuant  la  foraaaga  at  la  braaaga  aur  un  fau- 
tra da  nickel-chroma  qui  raate  aoupla,  pula  an 
procCdaot  4 l'aluainisation  an  phaaa  gasauss  da 
l ' ansaabla  annaau-joint. 


Bn  ce  qui  concerne  l'£tat  de  ddveloppeuent 
do  cos  techniques,  il  faut  diatinguer  deux  cate- 
gories : 

. let  joints  4 bsssa  et  moysnne  tenpSrature  qui 
aant  parvenus  au  stada  opdrationnel  an  Aquipant 
daa  turbOMchinaa  affactivcaant  en  aarvica. 

. las  joint  da  turbinas  chaudas  (850  4 1050*) 
qui,  apr4s  avoir  aatiafait  tux  taata  da  simula- 
tion, sont  actuallaaannt  4 l'Aprauva  das  bancs 
d'assais. 

EKFBRggCKS 

1 - A.  Uivart,  P.  Lapatit,  A.  Haidar  - Elabora- 

tion at  application  da  fautraa  aAtalliquaa 
4 atructura  fins  - CongrAs  da  HAtallurgia 
daa  poudrss,  Granobla,  12-16  mai  1975. 
Edition  proviaoira  - IP  CHEKA  n* 1975-6. 

2 - Haurchroaa  - Rapport  au  Sarvica  Tachnlqua 

Aeronaut iqua  n*  7394  422,  juln  1974. 

3 - Haurchroaa  - Rapport  au  Sarvica  Tachnlqua 

Aeronaut ique  n*  7594  131,  juin  1976. 

4 - Heurchroaa  - Rapport  au  Sarvica  Tachnlqua 

ASronautiqua  n*  7694  231,  juin  1977. 
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DISCUSSION 


A.R, Stetson,  US 

You  mentioned  that  the  fine  size  is  an  advantage.  What  is  the  wall  thickness  of  the  felt  you  are  talking  about? 
Don’t  you  think  this  could  be  a problem  with  its  oxidation  and  high  temperature  resistance  by  decreasing  the  wall 
thickness  and  increasing  the  total  surface  area? 

Ripense  d’auteur 

La  structure  fine  des  feutres  nous  paralt  presenter  un  avantage  sur  le  plan  de  leur  ductility  et  de  leur  efficaciU  en 
tant  que  joints.  Les  ipaisseurs  de  paroi  que  nous  avons  retenues  en  fabrication  sont  comprises  entre  2 et  8 microns 
en  fonction  de  la  nature  dcs  fibres  de  depart. 

II  eat  Evident  que  ceci  peut  presenter  un  inconvenient  pour  les  problimes  de  tenue  i l’oxydation,  mais  noua  avons 
pallid  i at  problime  en  r6alisant  pour  les  applications  i haute  temperature  par  aluminisation  aprbs  brasage,  un 
atliage  Nickel-Chrome-Aluminium  tris  riche  en  Aluminium  et  on  Chrome,  ce  qui  compense  tris  largnment  les 
problimes  cr<6s  par  la  faible  dpais&eur  des  parois  des  fibres. 

Notre  matiriau  622  C 8 par  exemple,  pr4sente  des  caractiristiques  de  tenue  i I’oxydation  tout  ik  fait  remarquables 
jusqu’i  1050°C. 


P.Suter,  Switzerland 

You  emphasized  the  importance  of  decarbonisation.  Would  there  not  be  some  applications  where  the  carbon  could 
be  left  within  the  structure? 

Rdponae  d’auteur 

La  ddcarburation  des  libres  de  Nickel  dans  l’dtat  actuel  de  notra  technique  doit  Stre  complete  si  1’on  veut  pouvoir 
rialiser  un  frittage  convenable  du  feutre.  Les  essais  de  ddcarburation  partielle  ont  montrd  que  le  produit  obtenu 
restait  inutillsable  du  fait  d’une  trop  grande  friability. 


D.C. Whitlock,  UK 

Would  the  author  comment  on  to  what  thickness  this  felt  can  be  produced? 

Rdponae  d’auteur 

Actuellemarit,  nous  produisons  couramment  des  feutres  dont  I’dpaisseur,  pour  une  density  de  l'ordre  de  20%,  peut 
varier  entre  0,4  mm  et  8 mm.  II  n'y  a pas  de  limitation  thdorique  aux  dpaisseurs  qui  peuvent  dtre  r6alli6es.  Sur  un 
plan  pratique,  les  dquipements  de  fabrication  ont  4t4  adaptds  A cette  gamme  d’dpaiiseur. 


AM.CampUng,  UK 

Has  the  seal  material  been  proved  in  service  and  if  so  by  whom,  for  how  long  and  in  what  environment? 

R6|>onae  d’auteur 

Les  feutres  OHP  ont  <t6  ddveloppds  rlcemmsnt  et  dquipent  un  certain  nombre  de  turbines  adronautiquei  et 
industrielles  depuls  deux  ans  environ.  Pour  les  applications  labyrinthes  et  pour  des  temperatures  allant  jusqu’i 
650  a 700”,  notre  experience  sur  turbine  industrielle  s’appuie  sur  des  periodes  de  fonctionnement  sur  une  meme 
machine  qui  depassc  i I’heure  actuelle  1 500  h. 

Sur  des  turbines  a4ronautiques,  nous  avons  realise  environ  800  a 1000  joints  de  labyrinthes.  Noua  ne  connaissons 
pas  de  facon  precise  les  temps  de  fonctionnement  unitaires,  mais  notre  experience  globalc  correspond  i plus  de 
10.000  heures  de  fonctionnement  sur  des  machines  diffdrcntes. 

En  ce  qui  conceme  lei  feutres  622  Nickel  -Chrome- Aluminium  its  sont  i I’heura  actuelle  en  essai  sur  des  machines 
de  turbines  a6ronautiques. 
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AMERICAN  AIRLINES'  OPERATIONAL  AND  MAINTENANCE 
EXPERIENCE  WITH  AERODYNAMIC  SEALS  AND 
OIL  SEALS  IN  TURBOFAN  ENGINES 

C.  R.  Smith 

Manager  Power  Plant  Engineering 
American  Airlines,  Inc. 

P.O.  Box  51009 
Tulsa,  Oklahoma  74151 
USA 


SUMMARY 

User  experience  with  aerodynamic  and  oil  system  seal  designs  utilised  in  current 
commercial  turbofan  engines  related  to  operational  performance , seal  reliability, 
seal  repair  techniques,  and  seal  maintainability  cost. 

A general  insight  of  gas  path  deterioration  resulting  from  sealing  problems  and 
effects  of  associated  hardware  problems  upon  seal  performance.  A broad  assessment  of 
this  deterioration  is  reflected  in  fuel  consumption,  maintenance  requirements  (engine 
management),  and  the  impact  upon  airline  operation,  including  operating  costB. 


LIST  OP  SYMBOLS 


AVG. 

Average 

E.B. 

Electron  Beam  (welding) 

ENG. 

Engine! 8) 

FLT . 

Flight 

HR. 

Hour 

HRS. 

Hours 

I.D. 

Inside  Diameter 

M 

Million(a)  (US  Dollars) 

M 

Millimeter 

O.D. 

Outside  Diameter 

US  or  USA 

United  States  of  America 

$ 

US  Dollars 

t 

Percent 

* 

Cent f l/100th  of  a US  Dollar 

INTRODUCTION 

With  the  introduction  of  the  first  airplane,  sealing  of  gases  and  liquids  has 
been  a major  problem.  Sealing  is  classified  as  a problem  when  leakage  exceeds 
acceptable  design  limits,  induces  haxardous  conditions,  uncontrollable  flow  and/or 
unsightly  appearance.  These  conditions  can  result  in  excessive  maintenance  expense. 

Advancing  seal  technology  and  ingenuity  have  resulted  in  milestone  achievements 
by  aircraft,  engine,  component  and  systems  manufacturers.  However,  with  each  suc- 
ceeding generation  of  aircraft,  increasing  demands  develop,  and  the  designers 
ingenuity  is  continually  challenged. 

Purther  advancement  in  seal  technology  is  a must  if  the  Manufacturers  are  to 
provide  an  end  product  with  which  tho  user  can  sell  transportation  at  a minimum  price 
with  a reasonable  return  on  his  investment.  In  the  case  of  the  airline  industry, 
product  support  investment  is  sisable,  with  fuel  consumption  cost  being  the  largest 
contributor  to  direct  operating  costa. 

In  order  to  meet  inoreaaing  competition,  in  apite  of  lower  feres,  auch  factors 
aa  on-time  dependability,  paaaenaer  comfort,  ate.,  airlina  management  must  be  inno- 
vative in  developing  new  sophisticated  performance  analyses  and  maintenance  programs. 
These  programs  muot  encompass  such  factors  as  efficient  use  of  resources,  Improved 
dependability,  reduced  fuel  conaumption,  hardware  repair  and  performance  restoration, 
etc.,  without  sacrificing  safety  or  reliability. 

Design  philosophies  must  be  developed  with  a focus  upon  tha  end-use  of  the  pro- 
duct and  the  needs  of  the  user.  The  ultimate  success  of  restarch  development  and 
deaign  efforts  is  measured  by  in-service  results.  To  the  user,  proper  design  is 
raflectad  in  seal  reliability  and  durability  over  extended  time  periods,  repairabil- 
ity  and  low  cost. 

Performance  of  aeala  in  turbofan  anginea  can  be  categorised  in  terms  oft  a) 
Reliability  - the  ability  to  maintain  tha  sealing  afficienoy  for  which  the  seal  was 
designed  under  all  operating  conditions  for  extended  time  periodti  b)  Durability  - 
the  ability  ot  tha  neal  to  function  without  machanical  failure  of  its  detailed  parts 
between  shop  visits)  and  c)  Rapairability  - the  ability  to  carry  out  simple  and 
economical  repairs  of  those  aesl  components  which  are  subject  to  wear  and  tear. 
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Failures  within  these  categories  may  be  due  to  basic  design  problems,  or  second- 
ary failures  resulting  from  associated  hardware  environmental  conditions  or,  in  aany 
cases,  a combination  of  these  factors.  It,  therefore,  becomes  most  important  to  make 
an  accurate  determination,  through  failure  analysis,  of  the  initial  primary  cause  of 
failure'.  Design  changes  are  often  nacassary  to  correct  these  failures  which  are 
considered  seal  design  deficiencies;  also,  changes  must  be  made  to  associated  hard- 
ware if,  in  fact,  this  hardwaro  produces  the  actual  failure.  In  many  cases,  seal 
redesign  can  compensate  for  related  problems  and  vice  versa. 

In  summary,  it  is  very  apparent  that  feedback  communications  from  the  user  to 
the  designer  are  vital  in  obtaining  adequate  product  improvement  design  changes. 
Additionally,  design  intelligence  must  be  shared  with  the  user  in  support  of  accurate 
seal  performance  deterioration  and  failure  analysis. 

All  cost  figures  in  this  report  are  based  on  a 1977  US  Dollar  value  and  a fuel 
coat  of  9.244  per  liter  (.354  per  US  Gallon). 


PURPOSE 

The  purpose  of  this  peper  is  to  provide  Designers  and  Research  and  Development 
Engineers  with  user  experience  regarding  reliability,  performance  deterioration  and 
its  economic  Impact.  It  is  this  experience  that  vividly  reveals  that  seals  are  a 
significant  problem  area  in  today's  turbofan  engines.  Seals  must,  be  given  the 
highest  priority  in  future  engine  designs  to  reduce  user  maintenance  cost,  minimise 
facility  capacity  requirements  and  reduce  fuel  burn. 

DISCUSSIOH 

Performance  Deterioration 


Gam  path  seal  deterioration,  as  used  in  this  test,  is  a result  of  normal  seal 
erosion,  wear,  thermal  expansion  and  distortion,  while  the  engine  is  operational  and 
produces  the  specified  thrust.  Normal  gaa  path  seal  deterioration  is  reflected  in 
loss  of  overall  efficiencies  (increase  in  fuel  flow  and  exhaust  gas  temperature) 
as  well  aa  gas  generator  mismatch,  increased  fuel  consumption  due  to  loss  of  seal 
efficiencies  has  not  been  an  area  of  great  concern  in  the  pact.  However,  with  the 
decrease  of  foaail  fuel  reserves  and  continuing  fuel  cost  escalation,  this  area  is 
now  given  special  attention  which  will  certainly  not  diminish  in  the  foreseeable 
future. 


Pigure  1 shows  that  an  average  fuel  flow  deterioration  of  around  41  is  normal 
for  a fleet  of  engines  after  they  have  been  through  their  normal  refurbishment 
cycles.  The  percent  of  deterioration  will  vary  with  the  average  mean  time  between 
refurbishment  which  is  determined  by  the  maintenance  program  and  its  effectlveneaa . 
Obviously,  tha  coat  to  maintain  a low  mean  time  between  refurbishment  of  aeala  to 
control  fuel  consumption  is  prohibitive  and  will  be  discussed  later.  On  s twelve 
aircraft  high  bypass  engine  airplane  fleet,  a 4%  deterioration  equates  to  an  excess 
fuel  burn  costing  1.2  million  US  Dollars  par  yaar. 


Figure  1 also  gives  an  exampla  of  ona  aerodynamic  saal  datarioration  affact. 

If,  on  all  of  tha  four  engines  of  this  aircraft  fleat,  the  first  stege  turbins  blade 
tip  clearance  were  increased  by  .254  mm,  the  resultant  axcasa  fual  usaga  of  .SI  would 
cost  an  additional  200,000  US  Dollara  per  year. 


NEW  £4 


90  74  KM)  IZB  140 


PIGURE  It  This  graph  depicts  an  axampla  of  performance  deterioration 
after  normal  refurbiahmmnt  efforts  for  a flaet  of  aircraft  using  large 
commrcial  high  bypass  flow  anginas.  The  dotted  line  ahowa  the 
theoretical  degradation  if  the  firat  ataga  turbine  radial  tip  seal  vara 
inermaaed  by  .254  mm  on  all  anginas. 


i 
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Mismatch  of  the  gas  generator  due  to  gaa  seal  deterioration  is  a costly 
maintenance,  aa  wall  as  fuel  consumption,  problsm.  Accumulation  of  operating  houre 
and  duty  cycles  varies  between  engine  modules  resulting  in  ona  saction  of  an  engine 
deteriorating  more  rapidly  than  another,  causing  a apesd  match  change. 
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In  many  instances  (through  lack  of  knowledge),  the  maintenance  program  does  not 
always  provide  for  restoration  to  preclude  this  condition.  Mismatch  conditions  may 
cause  recoverable  compressor  stalls  which  usually  occur  during  high  altitude 
deceleration  and  acceleration  operation.  Shop.  Maintenance  is  required  to  correct 
these  conditions.  Figure  2 depicts  this  problem  on  a high  bypass  ratio  engine.  Also, 
the  cost  impact  on  a fleet  basis  is  shown,  without  preventative  maintenance  action, 
this  condition  can  develop  on  a large  scale  as  deterioration  of  individual  seals 
cannot  be  monitored.  Maintenance  programs  must  be  established  based  on  hardware 
analysis  at  various  operating  times.  Again,  this  is  not  an  easy  task  due  to  a 
combination  of  conditions  and  intsrrslated  effects.  More  development  testing  by  the 
manufacturer  and  maintenance  intelligence  by  the  user  is  needed  in  order  to 
effectively  manage  and  improve  the  engine. 


FIGURE  2 i Inflight  shutdown  rate  due  to 
compreamor  stalls  and  material  coat  history 
of  a donaatic  wide  body  airoraft  flaat  using 
high  bypass  ratio  fan  anginas. 


Parformanc#  retention  and  thrust  specific  fuel  consumption  has  become  major 
concerns  with  current  engine  operations  and  with  new  engine  design.  The  magnitude  of 
concern  ia  such  that  currently  the  user  is  dsmanding  from  the  manufacturer  a . 

performance  guarantee  for  a specific  operating  period,  in  terms  of  hours  or  cycles, 
prior  to  a Shop  Maintenance  visit;  also,  a maximum  coat  guarantsa  in  terms  of  labor  ! 

and  aatarlals. 

i 

Deterioration  of  labyrinth  oil  seals  due  to  clearance  changes,  not  only  produces  ) 

oil  consumption  problems,  requiring  premature  engine  removals,  but  also  has  a 

secondary  effect  of  lost  in  general  performance  and  increased  fuel  consumption.  : 

Increase  in  labyrinth  seal  clearances  occur  primarily  from  rubbing  with  mating  parts  i 

permitting  high  breathsr  pressuro  within  the  oil  scavenge  system.  However,  most  oil  ! 

consumption  problems  due  to  high  breather,  usually  are  a result  of  a change  in 

balance  pressure  across  labyrinth  seals  due  to  uncontrolled  air  leakage  at  various  ! 

supply  sources. 

Mechanical  Failures 

Aerodynamic  and  oil  seal  failures  occur  at  various  operating  hours  for  a variety 
of  reasons.  Air  seal  failures  in  the  hot  section  area  occur  due  to  thermal  gradients 
within  the  part  which  usually  results  in  cyclic  stresses.  Such  an  example  is  shown 
in  Figure  3.  This  sketch  shows  an  example  where  cracking  in  s labyrinth  seal  area 
occurs  because  of  thermal  gradient  effects  resulting  from  the  seal  cross-sectional 
thickness  differences.  In  this  esse,  the  seal  has  a life  limit  restricting  engine 
operating  tine  and  a redesign  is  pending. 

One  of  th*  major  air  anal  problems  In  turbofan  engines  is  portrayed  in  Figure  4, 

This  sketch  depicts  an  abradable  seul  application,  The  cross-sectional  sketch  on  the 
right  shows  a typical  axial  and  radial  wear  or  "wiping*  pattern  which  occurs  on  s 
large  turbofan  engine.  The  wear  or  "wiping"  action  results  from  differential  thermal 
expansion  and  contraction  of  various  engine  components  whenever  the  engine  goes 
through  its  various  power  excursions,  such  as  transient  operation  and  tskaoff  power 
application.  Seal  interference  rubbing  also  occurs  during  high  maneuver  loads, 
coupled  with  rotor  dynamics.  This  condition  is  aggravated  by  excessive  rotor 
alignment  runout  end  high  vibration  levels. 
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FIGURE  3t  This  sketch  shows  cracking  that  occurred  in  a 
second  stage  turbine  rotating  air  seal  from  a large  bypass 
engine.  The  cracking  was  caused  by  cyclic  thermal  gradient 

stresses. 

In  severe  cases  of  part  out-of-round  conditions,  or  other  abnormal  conditions,  sta- 
tionary part  to  rotating  part  interference  could  lead  to  metal  burning  and  subsequent 
failure,  as  in  the  case  of  high  pressure  turbine  blades. 

It  becomes  obvious  that  practically  all  seal  failures  are  a direct  result  of 
either:  a)  thermal  gradient  fatigue  problems  with  the  seal  and  ita  associated 
hardware,  or  b)  axial  and  radial  thermal  expansion  during  maximum  power  excursions, 


BEFORE  AFTER 

SEAL  IS  RUN  SEAL  IS  RUN 


FIGURE  4 i This  sketch  shows  typical  abradable  seal  axial  and  radial 
wsar.  This  is  an  intsrstsgs  compressor  ssal  from  a largs  bypasr  angina. 
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Failure  of  carbon  element  oil  seals  develop  primarily  from  excessive  environ- 
mental and  frictional  temperatures.  Excessive  seal  element  and  face  plate  wear 
occurs  with  subsequent  leakage  and,  in  some  cases,  element  breakage.  In  areas  having 
inadequate  cooling,  oil  coking  can  occur  causing  leakage  as  depicted  in  Figure  5. 


FACE  OF  SEAL  PLATE 
VIEW  A 


INTERFACE  COKINS  PROBLEM 
CARBON 
ELEMENT 


SPRING  PRESSURE 


SEAL  PLATE 

^ NUMBER  TWO  BEARING 


CARBON  SEAL 
(STATIONARY) 


SEAL  PLATE 


VIEW  A 

A CROSS  SECTION  B8 


c'aRBON 

ELEMENT 


OIL  JET  FOR  COOLING 
(STATIONARY) 


COKE  . 

DEPOSITS  HERE*^ 
ONLY  WITH  HIGH  TIME 
(6000  HOURS) 


SEAL  PLATE  /SHAFT 
ROTATION 


'VCOKING  AREA,  DEPOSITS 
HIGHER  THAN  SEAL  RACE 
LIFTING  SEAL  FROM  PLATE. 
(NOW  TEFLON  COATED) 


INITIAL  COKE 
BUILD  UP 


THIS  AREA  ALWAYS 
CLEAN 


OIL  JET 
ONE  PER  SEAL 


FIGURE  5 < This  sketch  depicts  a carbon  coking  problem  in  the  main  bearing  carbon 
seal  of  a commercial  turbo  fan  engine. 


Here  again,  the  axial  and  radial  growth  of  the  engine  from  temperature  excur- 
sions produces  a problem  of  maintaining  the  desired  face  plate  to  element  pressure. 
This  accelerates  wear  and  raises  the  temperature  of  the  parts,  resulting  in  oil  vapor 
phase  coking.  Also,  with  resultant  seal  movement,  "sticking"  of  the  seal  assembly 
may  occur,  causing  a complete  loss  of  pressure  and  oil  leakage. 

Although  labyrinth  seals  are  affected  less  by  temperature,  proper  design  is 
influenced  by  pressure  balances  to  reduce  bleed  air  loss.  Labyrinth  seals  can  allow 
the  oil  to  become  contaminated  with  the  atmosphere  (moisture,  sand,  etc.).  Compres- 
sor cleaning  by  motorizing  the  engine  and  injecting  various  nonmetallic  materials 
and/or  liquids  to  restore  performance  is  undesirable,  due  to  exposure  to  oil 
contamination. 

Figure  6 shows  that  seals  are  a major  contributor  to  the  total  reliability  of 
the  engine.  A review  of  the  last  seven  years  of  premature  removals  for  engines  and 
modules  illustrates  the  impact  of  seals  in  general.  Three  classes  of  problems  are 
illustrated]  a)  seal  failures;  b)  failures  where  seal  deficiencies  contributed  to 
the  problem;  and  c)  on-the-wing  gear  box  removals  due  to  seal  leakage. 

These  problems  are  shown  for  three  types  of  turbofan  enginss,  namely s a)  early 
low  bypass  turbofans  (1959);  b)  medium  bypass  turbofans  (1965);  and  c)  high  bypass 
turbofans  (1970) . 

The  early  low  bypass  turbofan  history  shows  that  almost  321  of  the  unscheduled 
removals  are  related  to  "seals",  This  number  is  50%  for  the  medium  bypame  turbofan 
and  32%  of  the  latest,  large  high  bypass  engines, 


FIGURE  61  These  bar  graphs  depict  aeal  problems  as  a percentage 
of  the  total  prematura  angina  and  module /component  changes  over 
a seven  year  period  (1970  through  1976}  . 
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This  picture  of  aeal  developnent  in  high  bypass  engines  looks  good,  but  it  is 
deceiving.  The  more  frequent  removals  of  the  high  bypass  fan  engines  make  it  possi- 
ble to  manage  seal  performance  by  changing,  repairing  and  cleaning  seals  with  a high 
frequency  before  they  deteriorate.  In  addition,  critical  seals  are  designed  to  be 
easily  replaceable.  For  instance,  all  the  carbon  seals  in  the  gear  box  of  a late 
high  bypass  fan  engina  are  /replaceable  "on-the-wing" . Therefore,  leakage  does  not 
seem  to  be  a problem,  but  it  only  seeraa  that  way  because  the  problem  is  managed.  As 
the  engine  problems  diminish,  the  seal  problems  will  increase  until  the  aeal  durabil- 
ity becomes  ths  restrictive  factor  with  time.  Considerable  work  needs  to  be  done, 
and  is  being  done  within  the  industry  to  understand  the  general  engine  performance 
deterioration  phenomena. 


Seal  Repair 


Seal  repair  techniques  vary  from  the  most  simple,  yet  innovative,  to  the  more 
complex.  In  one  of  American's  turbofan  engine  models,  the  second  stage  turbine  outer 
air  seal  is  purchased  undersize  and  ground  aa  required  to  provide  the  desired  clear- 
ance with  the  second  stage  turbine  blades.  The  second  stage  turbine  blade  has  a 
shrouded  tip  with  two  knife-edge  seals.  With  time,  the  knife-edges  wear  or  rub  and 
erode  requiring  the  outer  air  seal  inaide  diameter  to  be  reduced  to  a further  under- 
size. This  la  initially  accomplished  by  metal  spraying  to  a maximum  thickness  of 
.500  mm.  A sietal  spray  thicknsss  beyond  this  has  a tendency  to  "flake  off”.  The 
blade  knife-edge  can  be  replaced  but  the  cost  is  more  than  the  purchase  price  of  a 
new  outer  air  aeal.  In  time,  a surplus  of  air  seals  accumulates.  A simple  repair 
waa  developed  to  reduce  the  inside  diameter  while  maintaining  out-of-round  limits. 
Figure  7 depicts  an  application  of  a continuous  weld  bead  around  the  periphery  of  the 
seal  using  an  automatic  weld  machine.  This  operation  "shrinks"  the  seal,  thereby 
enabling  salvaging  of  would-be  oversized  second  stsge  turbine  air  seals. 


Although  this  is  a simple  repair,  operational  testing  was  conducted  to  establish 
that  no  adverse  conditions  existed.  Adequate  in-service  testing  was  established  to 
determine  a 10,000  hour  or  6,000  cycle  life  between  repairs. 


Turbine  blade  shroud  knife-edge  seal  and  non-shrouded  tip  wear  results  in 
scrappaga  of  otherwise  serviceable  blades  (up  to  $40,000  per  engine).  Replacement  of 
the  knife-edge  seala  by  Electron  Beam  welding,  as  shown  in  Figure  8,  has  proven  to  be 
a cost  saving  repair.  Without  thia  repair  the  annual  ooet  of  the  turbine  blade 
acrappaga  would  drastically  incraase.  This  repair  technique  ia  used  in  other  areas, 
such  as  ths  turbine  spacer  application  as  shown  in  Figure  9. 
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FIGURE  7:  This  figure  depicts  a 
method  to  shrink  a turbine  outer 
•eal  inside  diameter  to  compensate 
for  blade  shroud  seal  wear. 


FIGURE  St  This  sketch  depiots 
replacement  of  turbine  blade 
■hrond  knife-edge  seals  by 
Electron  Beam  welding. 


Figure  10  is  an  example  of  a repair  to  rostore  out-of-  round  of  a major  case. 
This  is  accomplished  by  removing  the  flange,  rounding  up  the  case,  and  Electron  Ream 
welding  on  a replacement  flange.  This  repair  restores  the  case  to  a serviceable 
condition.  It  relieves  the  imposed  stresses  upon  the  seal  while  providing  more 
uniform  clearance  between  the  turbine  blade  and  outer  air  seal. 

Main  bearing  carbon  seal  assembly  refurbishment  (see  Figure  5)  consists  primari- 
ly of  carbon  element  replacement,  machining  of  the  seal  plate  face  to  remove  wear  and 
plating  to  restore  dimentional  requirements.  As  a means  of  increasing  seal  life, 
various  plating  and  metal  spraying  materials  have  been  tried.  Tungsten  carbide  coat- 
ing on  the  seal  plata  has  produced  the  beat  wear  characteristics. 
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FICURR  10  * This  sketch  depicts  result  of  ceae  out-of-roundnusa  causing  turbine 
outer  seel  to  conform  to  case,  resulting  in  inadequate  end  exoesaive  seel 
clearances.  The  left  blade  shows  tip  fubi  the  middle  blade  shows  the  correct 
clearance!  the  right  blade  a'.'.ows  excessive  clearance. 


Maintenance  Operational  Impact 


The  impact  upon  user  operation  of  air  and  oil  seal  systems  is  reflected  by 
product  reliability  and  cost.  As  seen  previously  in  Figure  6,  seals  are  one  of  the 
major  problem  areas  confronting  the  user.  These  problems  produce  a large  volume  of 
engines  for  shop  maintenance,  which  requires  an  expenditure  of  millions  of  dollars 
each  year. 
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7IGUJRE  12 t These  bar  graphs  show  the  annual  total  cost  impact  resulting 
from  "seal"  problems  for  a large  US  airline. 


The  major  cost  factor  is  not  the  seal  material  or  seal  repair  cost*  but  the 
entry  labor,  expendable  and  related  parts  costs  to  reach  the  seal  inside  the  engine. 
This  is  graphically  shown  in  the  third  column  of  Figure  12.  This  column  indicates 
that  6 million  US  dollars  per  year  is  spent  for  this  type  of  *entry*  for  seal  repair 
or  refurbishment  work.  This  coot  figure  is  even  more  dramatic  when  one  realises  that 
the  costs  of  engine  handling,  support  facilities  investment,  and  the  inventory 
necessary  to  provide  seal  refurbishment  to  restore  performance  are  not  included. 


The  right-hand  column  of  Figure  12  shows  an  accumulated  cost  figure  uhich  can  be 
viewed  as  the  "seal  cost*  total  for  an  annual  total  cost  burden  of  nearly  14  million 
US  Dollars. 

Aerodynamic  seal  deterioration  and  failure  are  difficult  problems  to  manage  in  a 
commercial  airline  environment.  No  two  engines  deteriorate  at  precisely  the  sane 
rate.  Therefore,  statistical  predictions  can  only  be  used  as  a guidelint.  Effective 
engine  management  becomes  almost  impossible,  when  random  and  frequent  "seal”  pro- 
blems occur,  another  problem  arises i an  unmanageable  monthly  engine  volume  fluctua- 
tion which  may  exceed  shop  capacity. 

With  present  day  instrumentation  and  analysis,  it  is  extremely  difficult  to 
analyse  a low  performance  engine  and  determine  precisely  which  seal(s)  (or  support 
hardware)  are  causing  the  problem  unless  the  seal  has  failed  structurally  or  exhibits 
visual  damage.  Even  with  the  obvious  failsd  or  damagsd  condition,  there  is  the  need 
of  analysis  of  associated  hardware  and  its  affect  upon  the  failure. 

American  Airlines  operates  under  an  engine  management  program  which  is  based  on 
the  Condition  Monitored  Maintenance  concept.  Each  engine  is  analysed  and  a specific 
bill-of-work  ia  developed.  The  concept  requires  collection  and  development  of  the 
intelligence  to  know  what  maintenance  the  engine  needs;  then  doing  only  the  necessary 
work  to  produce  a product  that  will  operate  for  a specified  period  of  time  within  an 
acceptable  reliability  rate  at  a minimum  cost. 

Today's  economics  prohibit  the  use  of  an  arbitrary  complete  overhaul  concept  at 
a specific  operating  time.  Designers  must  realize  that  the  user  cannot  remove 
engines  for  shop  maintenance  at  a low  operating  time  to  refurbish  multiple  seal 
deterioration.  American's  shop  capacity  for  complete  overhaul  of  high  bypass  ratio 
engines  is  roughly  estimated  at  40  per  month.  Today's  volume  is  70  to  BO  enginta  per 
month  of  light  and  heavy  repairs.  If  engines  operating  in  American's  fleet  were 
arbitrarily  brought  in  for  refurbishment  at  intervals  of  2000  operating  hours,  the 
■hop  volume  would  increase  to  150  to  1(0  engines  per  month.  Therefore,  it  must  be 
recognixed  that  newly  developed  engines  must  operate  8000  to  10,000  hours  within  an 
acceptable  failure  rate  and  performance  level. 

CONCLUSIONS 

With  the  continuing  increase  in  fuel,  material,  and  labor  costa;  tha  need  and 
economic  Juatif icatlon  exiata  to  warrant  a high  priority  on  engine  design  for 
performance  efficiency  with  a low  deterioration  rate. 

Two  basic  areas  having  a major  effect  upon  the  loae  of  seal  clearances  ares  1) 
thermal  gradient  fatigue  problems  and,  2)  thermal  expansion  and  contraction  of  the 
engine  aeseebly  with  maximum  thrust  applications.  These  problems  must  be  considered 
during  initial  design.  Extensive  gains  must  be  made  in  these  ereaa  if  the  operating 
expense  of  the  final  product  is  to  be  maintained  at  a reasonable  level,  and  provide 
for  a reasonable  return  on  user  investment. 

Further  development  ia  needed  to  provide  a mathod  and  means  of  monitoring  and 
identifying  apecifio  aeal  problems  during  operation.  This  will  provide  for  mors 
effective  uee  of  resources.  Expending  resources  on  an  arbitrarily  established 
overhaul  program  cannot  be  tolerated  in  the  future. 


DISCUSSION 


R.A.Hartfcy,  UK 

Support  for  the  speakers  view  on  seal  performance  (tliat  is  that  deterioration  is  too  rapid)  is  that  it  is  worse  on 
military  engines  due  to  more  thrust  cycles.  Abradable  seats  are  not  good  enough  and  adjustable  seals  may  be 
required  to  maintain  the  engine  performance  now  being  aimed  at. 

Author’s  Reply 

Mr  Hartley  seems  to  have  caught  the  gist  of  my  paper  in  this  comment.  With  fuel  economy  and  reliability  in  mind, 
the  aerodynamic  sealing  of  current  engines  leaves  much  to  be  desired.  The  problem  of  designing  and  developing 
seals  which  will  accommodate  thermal  cycle  changes  and,  thereby,  maintain  high  efficiency  levels  both  during 
takeoff  and  cruise  rfgimes,  needs  to  be  dealt  with  in  future  engine  designs. 


H.L. Stocker,  US 

How  does  American  Airlines  clean  their  engines  an  vould  you  attribute  this  process  to  accelerating  the  seal 
erosion  problem? 

Author’s  Reply 

I interpret  Mr  Stocker’s  question  regarding  “cleaning  of  engines”  to  refer  to  “compressor  wash  or  equivalent”  of 
the  entire  engine  while  it  is  in  its  assembled  state,  and  not  cleaning  of  the  individual  aerodynamic  and  oil  seal  parts 
In  their  disassembled  or  in-repair  state. 

Most  models  of  engines  when  compressor  blades  and  vanes  are  suspected  of  being  dirty  can  be  cleaned  t < some 
degree  by  what  is  generally  known  as  “water  washing”.  The  washing  is  generally  preceded  by  soaking  the 
compressor  area  with  a kerosine  and  water  mix.  All  “washings”  are  performed  in  the  test  cell.  To  be  more 
specific,  the  following  is  a rundown  on  what  American  does  on  each  of  its  four  (4)  engine  models  when  a 
compressor  cleaning  is  made: 

P&WJT3D  (Boeing  707  Aircraft  Engine ) 

Soak  the  compressor  section  of  the  engine  with  a kerosine/water  mix  for  20  minutes.  Rinse  with  water.  Then  run 
the  engine  at  idle,  ingesting  3 sacks  of  Carboblast  (walnut  shells).  (This  can  be  done  since  the  engine  has  carbon 
rubbing  oil  seals  in  lieu  of  labyrinth  seals.) 

PAWJT8D  (Boeing Aircraft  Engine) 

Soak  the  compressor  section  with  kerosine/water  mix  for  about  20  minutes.  Then  rinse  wiil;  water.  (This  engine 
cannot  be  Carboblasted  since  it  has  labyrinth  oil  seals  and  the  Carboblast  material  would  contaminate  the  oil  system.) 

PAWJT9D  (Boeing  747  Aircraft  Engine) 

This  engine  is  water  soaked  only.  Then  the  water  is  forced  through  the  engine  by  belting  it  on  the  starter. 

GE  CF6  (McDonnell  Douglas  Aircraft  Engine) 

Water  soak.  Then  ingest  Cokeblast  (carbon  particles)  while  running  the  engine  at  idle. 

We  dean  the  compressors  of  the  assembled  engines  in  this  manner  only  in  the  test  cell,  never  on  the  airplane. 

The  degree  of  cleanliness  obtained  varies  between  engines.  It  is  not  definitely  known  how  long  the  average 
performance  Increment  improvement  amounts  to  on  any  engine  types. 

The  latter  part  of  your  question  asks:  "...  and  would  you  attribute  this  process  to  accelerating  the  seal  erosion 
problem?". 

As  can  be  seen  from  the  above  descriptions,  each  engine  has  its  own  tailored  cleaning  method  approved  by  the 
engine  manufacturer.  It  is  difficult  to  visualize  seal  erosion  deterioration  from  a liquid  soak  and  wash.  On  the 
engines  where  solids  are  ingested,  the  ipgestants  are  of  such  a texture  and  composition  that  it  is  again  difficult  to 
visualize  their  causing  a significant  seal  erosion.  In  reality,  only  the  N1  compreaaor  rotor  seems  to  be  deaned. 
Cleaning  of  the  N2  compressor  stages  seems  to  be  minimal. 


AMoore,  UK 

Could  you  pleue  tell  me  what  proportion  of  the  seal  deterioration  (with  time)  Is  due  to  erosion? 

If  the  effect  of  erosion  on  seal  performance  it  significant,  would  it  not  be  better  to  use  a harder  coating  and  reduce 
the  erosion  and  9tart  with  a larger  clearance?  This  would,  in  theory,  give  a worse  performance  when  the  engine  is 
new,  but  a better  performance  with  an  old  engine. 
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Author's  Reply 

In  view  of  the  fact  that  on  the  newly  developed  engines,  the  state-of-art  of  metallurgical  technology  is  being  pushed 
in  order  to  obtain  high  component  efficiencies,  saleable  thrust,  specific  fuel  consumption  and  exhaust  gas  tempera- 
ture margins,  the  suggested  approach  appears  to  run  cross-grain  to  the  metallurgical  technology  push. 

Typically,  when  the  engine  manufacturer  first  introduces  an  engine,  he  is  intent  on  meeting  his  performance 
guarantees  with  seemingly  little  regard  to  putting  extra  "fat"  into  the  engine  to  withstand  large  seal  clearance 
with  long  life.  Your  point  is  a good  one,  but  this  has  not  been  the  practice  in  the  past.  Seemingly  little  thought 
is  given  to  making  the  aerodynamic  seals  last  a long  time,  especially  in  the  hot  gas  scrubbed  areas. 

This  again  brings  up  the  point  that  a good  design  approach  appears  to  be  to  provide  an  engine  design  which  provides 
a controlled  clearance  for  the  takeoff  regime,  then  another  controlled  clearance  for  the  cruise  regime.  Clearance 
control  and  long  seal  life  should  both  be  primary  objectives. 


R.  Kerris  tin,  France 

Is  there  a relationship  between  the  labyrinth  seal  clearance  on  a newly  manufactured  engine  end  cno  • Nat  Vs 
operated  10,000-12,000  hours? 

Author’s  Reply 

By  all  means,  there  are  labyrinth  seal  clearance  changes  between  a newly  manufactured  engine  and  one  that  has 
10,000-12,000  hours,  especially  in  those  areas  scrubbed  by  hot  gases.  The  changes  occur  from  erosion  and  in 
some  cases  rubbing,  both  of  which  result  in  performance  losses. 

American  Airlines’  experience  shows  that  the  seal  deterioration  over  the  long  haul  is  lower  on  multi-land  labyrinth 
seals  than  on  rub  type  seals. 

It  is  generally  recognised  that  the  rub  type  abradable  seals  are  more  efficient  than  the  labyrinth  type  on  a new 
engine.  However,  experience  indicates  that  this  efficiency  advantage  is  usually  short-lived.  We  have  noted  that  a 
large  efficiency  loss  occurs  on  a big  bypass  engine  even  after  making  only  several  power  excursions  in  the  test  cell. 

Again,  this  points  to  the  need  of  the  next  generation  of  engines  to  have  two  different  seal  clearance  levels  - one 
for  takeoff  and  one  for  cruise. 
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OIL  SEALING  OF  AERO  ENGINE  BEARING  COMPARTMENTS 

D C WHITLOCK 
Technical  Design  Group 
Rolls-Royce  Limited 
PO  Box  31 

Derby  DE2  8BJ,  UK 


SIAMARY 

The  basic  problem  of  oil  sealing  of  aero  engine  bearing  compartments  is  to  provide  a 
seal  between  rotating  and  static  components,  or  between  rotating  components,  accommo- 
dating axial  movements  and  possible  radial  excursions  (such  as  shaft  whirling).  Hie 
sealing  arrangements  must  also  conform  to  modular  concepts  of  engine  construction. 

Such  seals  incur  penalties  on  the  oil  system  such  as  heat  generation,  air  leakage  and 
debris  generation.  This  paper  considers  means  of  reducing  these  penalties  and  improving 
sealing  integrity  by  developments  of  existing  techniques. 


1.0  INTRODUCTION 


The  purpose  of  oil  sealing  within  the  core  engine,  whilst  it  is  necessary  to  main- 
tain a low  oil  consumption,  is  primarily  to  prevent  contamination  of  the  engine  with 
oil.  Internal  oil  leakage  would  give  rise  to  the  probabilities  of  a combination  of 
any  of  the  following:  cabin  air  contamination,  internal  fires  either  short  term  or 
long  term  due  to  an  accumulation  of  carbon,  performance  loss  due  to  dirtinoss  of 
aerodynamic  parts,  or  engine  vibration  due  to  oil  accumulation  in  rotating  parts. 

There  are  basically  thraa  philosophies  applied  to  engine  bearing  compartment  sealing 
all  of  which  involve,  to  varying  degrees,  maintaining  the  bearing  compartment  at  a 
lower  presaure  than  Its  surroundings  thus  inducing  an  inward  airflow  to  prevent  an 
outward  oil  leak. 

(a)  There  is  the  use  of  'contacting'  seals  (carbon  face  seals)  which  have  vary  low 
air  leakage  rates  for  high  seal  pressure  differences.  These  normally  need  to 
operate  with  high  pressure  differences  across  them  in  order  to  ensure  that  they 
will  still  function  satisfactorily  at  low  engine  idle  speeds.  This  may  mean 
that  the  bearing  compartment  needs  to  be  vented  directly  to  the  external  gear- 
box which  may  in  turn  give  oil  scavenging  problems  at  high  altitude  due  to 
scavenge  pump  cavitation. 

Further  disadvantages  are  their  complexity  and  its  effect  upon  allowing  a 
simple  build/strip  design  concept.  The  seals  have  a relatively  high  heat 
generation  and  require  cooling  and  lubrication  oil  flow.  Intershaft  seals 
present  further  problems. 

(b)  A freely  vented  clearance  seal  system  (such  as  labyrinth  seals)  can  be  adopted 
allowing  high  seal  pressure  drops  and  hence  high  airflows  into  the  bearing 
compartment  for  effective  oil  sealing.  The  high  airflows  however  can  contri- 
bute significantly  to  heat  to  oil  in  high  temperature  regions  and  give  oil 
separation  problems  when  the  air  is  eventually  vented  overboard. 

(c)  In  practice  verv  low  seal  pressure  ratios,  less  than  1.01,  can  be  effective  in 
preventing  oil  leakage,  provided  careful  design  of  the  oily  side  of  the  seal 
prevents  oil  swamping.  Thus,  bv  ensuring  that  all  seals  at  any  one  compart- 
ment are  preesurlecd  from  the  same  source  of  cooling  air  and  that  there  is 
minimal  pressure  variation  from  seal  to  seal,  a restricted  vent  can  be  ueed 
controlling  the  bearing  compartmant  to  a pressure  Just  below  that  of  the 
surrounding  cooling  air.  Such  a system,  by  minimising  the  airflow  into  a 
bearing  chamber,  aids  the  oil  separation  function  and  reduces  the  heat  input 
to  the  oil.  The  system  is  dependent  upon  the  control  of  the  bearings  com- 
partment surround  air  pressure  and  the  affects  of  wear  on  seal  clearance. 

In  summary  the  first  system  has  high  sealing  integrity  at  the  expense  of  high 
mechanical  complexity.  The  second  also  has  high  sealing  integrity  but  has  poten- 
tial oil  temperature  and  oil  separation  hazards.  The  third  system  requires  careful 


system  design  to  ensure  adeauate  sealing  integrity  but  minimises  the  heat  to  oil  and 
oil  separation  problems. 

It  is  pursuit  of  the  third  system  that  is  considered  in  this  paper. 

2.0  RESTRICTED  VENT  BALANCED  PRESSURE  SEALING  SYSTEM 


Pressure  Balancing 

Fis.  1 represents  the  simplest  compartment  to  seal,  the  single  seal,  single  shaft, 
end  compartment.  It  is  this  type  of  compartment  that  indicates  that  adequate 
sealing  is  obtained  with  low  seal  pressure  ratio.  Successful  oil  sealing  has  been 
achieved  with  a seal  pressure  ratio  as  low  as  1.0005  induced  by  the  excess  capacity 
of  the  oil  scavenge  pump.  This  represents  a seal  air  flow  less  than  0.001%  of  the 
core  engine  flow. 

Fig.  2 is  more  typical  of  the  factors  influencing  cooling  air  system  pressures  in 
the  vicinity  of  a bearing  compartment.  Although  each  oil  seal  is  pressurised  from 
the  same  cooling  air  system,  the  pressure  variation  from  front  to  rear  of  the  com- 
partment (p  to  p)  is  subject  to  pressure  losses  through  the  bearing  support  struc- 
ture and  to  vortices  induced  by  shaft  and  disc  rotation.  The  seal  pressure 
difference  will  be  subject  to  variation  in  cooling  airflow  which  may  be  calculable 
but  the  vortex  strength  is  less  predictable. 

The  vent  flow  must  be  sufficient  to  ensure  that  the  compartment  pressure,  pfe,  gives 
a pressure  drop  into  the  compartment  across  the  rear  seal.  The  pressure  drop 
across  the  front  seal  will  of  course  be  greater  than  the  optimum  for  adequate 
sealing. 

By  the  simple  expedient  of  providing  an  additional  seal  and  a suitable  pressure 
balance  passage,  as  shown  in  Fig.  3,  the  effects  of  the  vortex  and  cooling  air  flow 
variation  are  virtually  eliminated.  The  balance  passage  flow  areas  are  now  the 
main  influence  on  the  pressure  variation  across  the  compartment  and  need  only  be  of 
the  order  of  ten  times  the  balance  seal  flow  area  to  make  the  pressure  unbalance 
negligible.  The  effect  of  the  balance  passage  will  be  to  allow  a reduction  in  the 
vent  flow  whilst  achieving  a greater  tolerance  to  seal  wear  and  damage. 

Secondary  Venting 

The  principle  of  isolating  the  bearing  compartment  from  the  surrounding  cooling  air 
systems  can  be  extended  from  the  simple  balance  passage,  giving  pressure  variation 
Independence,  to  multi  skinning  giving  temperature  independence  and  protection  of 
the  cooling  air  system  from  oil  contamination  in  the  event  of  a leak. 

Such  a system  Is  shown  In  Fig.  4 applied  tc  a two  bearing,  two  shaft  compartment 
which  has  high  pressure  turbine  cooling  air  leaking  into  the  cooling  air  supply  for 
a low  pressure  turbine. 

There  are  four  groups  of  seals  A,  B,  C and  D which  separate  3 passages  inner,  mid 
and  outer. 

Seals  of  group  A are  the  bearing  compartment  seals.  An  inflow  of  air  through 
those  seals  is  achieved  by  venting  the  bearing  compartment  via  a restrictor  through 
the  wet  vent  to  the  external  gearbox.  An  inflow  of  cool  air  ia  ensured  through 
the  group  B seals  into  the  inner  passage  by  venting  the  inner  passage  via  a restric- 
tor to  some  low  pressure  area  (such  as  the  by-pass  duct).  This  may  be  referred  to 
as  the  dry  vent.  Thus,  if  for  any  reason,  a leak  should  occur  from  the  bearing 
compartment  into  the  inner  passage,  oil  would  not  pass  through  the  group  B seals  but 
would  be  carried  through  the  dry  vent  thus  avoiding  contamination  and  fire  hazards. 

The  outer  passage  is  opened  up  to  the  lower  pressure  region  of  the  LF  turbine  cooling 
air  via  holaa  Y auch  that  thara  ia  a pressure  drop  across  the  group  C seals  into  the 
outer  duct.  Thus  the  high  temperature  air  leak  from  the  HP  turbine  cooling  air 
through  the  group  A seals  cannot  find  its  way  into  the  inner  duct, 

The  balance  of  the  LP  turbine  cooling  air  requirement  would  be  fed  via  the  LP  turbine 
shaft  holes  at  X. 

The  system  advantages  are  achieved  at  the  expense  of  weight  and  space  and  possibly 
also  performance  since  the  additional  vent  flow  from  the  inner  passage  may  be 
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significant.  This  flow  must  also  affect  the  bearing  compartment  pressure  balance 
unless  the  inner  passage  flow  areas  can  be  increased  to  compensate. 

Cool  Air  Blanket 


Fig.  S shows  a compromise  solution  to  the  bearing  compartment  sealing  requirements 
accepting  that  weight  and  space  are  limited.  The  inner  vented  passage  has  been 
deleted  with  the  group  B seals  and  the  cooler  air  is  introduced  to  the  bearing  com- 
partment seals  directly  via  the  pressure  balance  passage.  Since  the  flow  in  this 
passage  is  reduced  from  that  in  Fig.  4 a better  pressure  balance  can  be  achieved  for 
a given  passage  size. 

If  there  ware  no  holes  at  2 through  the  HP  shaft,  such  as  In  Fig.  4,  the  holes  at  Y 
could  be  suitably  sized  to  ensure  an  outflow  of  cool  air  through  seals  C to  prevent 
the  hot  HP  turbine  cooling  air  from  entering  the  oil  aeal  pressure  balance  passage. 
It  may  however  be  desirable  to  substantially  dilute  the  hot  air  leak  with  the  cooler 
air  to  reduce  the  heat  transfer  through  the  bearing  compartment  outer  wall.  This 
would  be  particularly  Important  if  the  balance  passage  and  the  outer  passage  were  in 
parallel  rather  than  concentric  as  space  limitations  may  dictate.  Thus  by  intro- 
ducing holes  at  Z and  Increasing  the  flow  area  at  Y additional  cool  air  will  pass 
through  the  outer  passage.  Control  of  the  overall  flow  of  cooling  air  to  the  LP 
turbine  can  be  maintained  by  a corresponding  reduction  in  flow  area  at  X. 

Thus  loss  of  the  dry  vent,  which  isolates  any  oil  leakage,  is  compensated  for  by  a 
higher  tolerance  to  seal  wear  due  to  the  improved  pressure  balance  around  the  oil 
seals.  The  dilution  of  the  hot  air  leak  by  the  cooler  air  reduces  the  fire  hazard 
if  an  oil  leak  should  occur. 

3-0  ROTATING  TO  STATIC  SEALS 


Labyrinth  Seal 

A bearing  compartment  cannot  be  sealed  by  providing  an  Inward  airflow  through  a fine 
clearance  between  shaft  and  housing  as  shown  In  Fig.  6(a).  Here  oil  will  certainly 
leak  on  shutdown  as  oil  runs  along  the  shaft  and  it  may  well  leak  during  running, 
particularly  at  low  pressure  difference  across  the  seal.  These  leaks  can  be  avoided 
by  a raised  land  as  shown  in  Fig.  6(b)  which  will  throw  the  oil  clear  of  the  shaft 
during  running  and  discourage  oil  from  running  down  the  shaft  on  shutdown.  However 
a plain  bore  is  not  as  effective  an  air  seal  as  a finned  labyrinth  seal  of  the  same 
clearance  occupying  the  same  length,  Fig.  6(c).  Also  In  the  event  of  rotating  to 
static  contact  the  plain  bore  would  generate  much  more  heat,  resulting  in  local  dis- 
tortion, than  would  occur  with  the  more  limited  contact  of  the  finned  labyrinth  seal. 
Thus  the  labyrinth  seal  evolves  as  an  effective  oil  seal. 

It  should  be  noted  that  the  Innermost  (oil  side)  fin  which  acts  as  an  oil  flinger 
must  not  run  inside  the  seal  static  liner  to  avoid  oil  draining  out  along  the  liner 
agalnet  the  airflow. 

If  a eteel  or  other  hard  lining  was  used  the  seal  clearance  would  need  to  be  effi- 
ciently large  to  avoid  metal  to  metal  contact  under  any  conditions.  Hsncs  it  would 
have  to  take  account  of  transient  effects  such  as  shaft  whirl,  differential  growth 
retea  between  Inner  end  outer  seal  parts  and  allow  a small  margin  for  ignorance  of 
the  precise  transient  effects.  By  using  an  abradable  lining  which  would  tolerate 
limited  transient  seal  rubs,  the  seal  clearance  can  be  minimised  thus  reducing  the 
air  leakage  for  a given  seal  pressure  difference.  The  requirements  of  an  abradable 
liner  for  oil  sealing  must  satisfy  the  following  requirements  : 

(e)  Since  the  debris  from  s seal  rub  will  enter  the  bearing  compartment  and  the  oil 
system  it  must  not  include  hard  particles  or  be  sbrasive. 

(b)  The  seal  material  must  be  compatible  with  the  oil  types  to  be  used  in  the 

engine  (this  would  precluda  use  of  rubber  and  synthetic  rubber  based  materials). 

These  are  in  addition  to  the  usual  requirements  for  mechanical  intagrity,  erosion 
resistance,  ease  of  rework  etc. 

Ring  Seal 

The  ring  seal,  Fig.  7,  has  a floating  ring  axially  located  in  a static  housing 
running  .igainst  a shaft  mounted  aleeve.  The  ring  follows  any  radial  excursions  of 
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the  shaft  bv  floating  in  its  housing,  consequently  the  clearance  between  ring  and  j ; 

sleeve  can  be  very  fine  thus  limiting  the  airflow  through  such  a seal.  j j 

i i 

The  ring  seal  generally  requires  development  time  to  optimise  ring  and  sleeve  inter-  . 

face  materials  and  finish.  It  requires  an  oil  presence  to  prevgnt  wear  and  conse- 
quently its  use  is  restricted  to  cooler  environments,  250  to  300  C.  Oil  gumming 
or  carboning  would  cause  the  ring  to  stick  in  its  housing  and  lead  to  severe  wear  i ; 

between  the  rin>;  and  the  sleeve.  Similarly  high  pressure  difference  across  the  j 

seal  can  load  ,t  against  the  housing  wall,  inhibiting  its  free  radial  movement. 

The  seal  will  operate  satisfactorily  at  sleeve  surface  speeds  up  to  about  300  ft/sec  I 

(90  m/sec).  : 

Within  these  operating  limitations  the  ring  seal  can  be  very  effective  in  limiting 
the  vent  air  flow  requirement. 

4.0  INTERSHAFT  SEALS 

Labyrinth  Seal 

Intershaft  labyrinth  seals  generally  require  larger  clearances  than  rotating  to 
static  seals  particularly  as  the  seal  position  becomes  more  remote  from  the  bearings 
and  consequently  require  more  air  for  an  adequate  sealing  margin. 

Hydraulic  Seal 

The  hydraulic  seal  affords  a very  effective  means  of  sealing  between  para-rotating 
shafts  being  able  to  tolerate  high  pressure  differences  with  negligible  airflow, 

The  hydraulic  seal,  shown  in  Fig.  8,  uses  the  outer  shaft  to  support  an  annulus  of 

oil  between  two  fins,  one  acting  as  a dam  and  the  other  as  a weir. 

A fin  on  the  outer  diameter  of  the  inner  shaft  runs  immersed  in  the  oil  annulus  thus 

providing  a positive  air  seal.  The  weir  controls  the  oil  level  on  one  side  of  the 

fin,  the  level  on  the  other  side  is  determined  by  the  rotational  speed  of  the  oil, 
the  oil  density  and  the  pressure  difference  across  the  fin. 

For  most  applications  the  oil  speed  approximates  to  the  mean  speed  of  the  two  shafts 
and  the  sealing  capacity  can  be  estimated  on  that  basis, 

2 2 

i.e.  Seal  pressure  difference  Ap  - pOm  (r^  - ) 

p oil  density 

oil  mean  rotational  speed 
m 

Since  there  are  high  velocity  gradients  in  the  oil,  heat  is  generated  at  a hydraulic 
seal.  This  is  not  generally  significant  relative  to  main  shaft  bearing  heat  genera- 
tion but  it  must  be  considered  with  respect  to  local  oil  temperatures.  The  heat 
generation  will  be  minimised  bv  avoiding  excessive  fin  immersion.  To  avoid  high 
local  oil  temperatures  the  hvdraullc  seal  should  have  a through  flow  of  oil  by 
feeding  the  oil  on  the  opposite  side  of  the  fin  to  the  weir. 

There  must  be  provided  a suitable  catchment  volume  to  prevent  the  oil  from  the 

annulus  spilling  away  from  the  bearing  compartment  on  shutdown  when  the  outer  shaft 

rotation  provides  Insufficient  centrifugal  head  to  maintain  it.  The  catchment  zone 

should  allow  drainage  back  to  the  bearing  compartment.  There  may  be  a very  small 

air  leak  through  the  drainage  passages  into  the  compartment  during  normal  running 

but  it  would  be  at  an  insignificant  flow  rate.  ! 

The  hydraulic  seal  presents  difficulties  with  regard  to  assembly  since  the  fin  out- 
side diameter  must  be  greater  than  the  weir  and  dam  inside  diameters.  Consequently 
It  is  often  not  practical  to  employ  an  assembly  procedure  suitable  for  a hydraulic 
seal. 

However  if  the  seal  is  only  required  to  support  a small  pressure  difference  then  a 
deformable  weir  could  be  used  in  conjunction  with  a limited  interference  fin,  Fig.  9. 

Account  must  be  taken  of  tha  compression  of  the  weir  under  centrifugal  load  during 
running  when  aasesalng  the  seal  performance. 
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Oil  Faced  Labyrinth  Seal 

The  principle  of  a centrlfugally  supported  annulus  of  oil  can  be  applied  to  a laby- 
rinth seal  where  the  oil  acts  as  a deformable  self  repairing  seal  liner.  Fig.  10. 

The  nominal  seal  clearance  need  only  be  that  consistent  with  ease  of  assembly  and 
strip.  Thus  the  intershaft  seal  can  be  as  efficient  as  a conventional  rotating  to 
static  seal  (may  be  even  more  so)  without  the  assembly  problems  of  the  hydraulic 
seals.  Since  it  is  an  airflowing  seal  there  will  still  remain  the  need  for  pressure 
balancing.  This  can  be  adequately  achieved  by  providing  a conventional  abradable 
linered  seal  of  relatively  large  clearance  as  back  up. 

5.0  SEAL  FAILURE  ANALYSIS 


Since  the  principle  of  the  pressure  balanced  vented  bearing  compartment  is  to  mini- 
mise the  air  used  consistent  with  satisfactory  oil  sealing,  it  is  necessary  to  do  a 
seal  failure  analysis. 

After  assessing  what  increase  in  seal  clearance  above  normal  wear  limits  need  to  be 
catered  for  in  the  vicinity  of  the  bearing  compartment,  the  vent  flow  for  the  com- 
partment can  be  calculated.  It  is  assumed  that  all  the  seals  on  one  shaft  can  fail 
simultaneously  and  that  they  all  increase  clearance  by  the  same  amount.  When  con- 
sidering a failure  on  one  shaft  it  is  assumed  that  the  seals  on  any  other  shafts  are 
on  maximum  wear  limits.  The  vent  flow  can  then  be  sliced  such  that  at  a failure 
clearance  there  is  no  reversal  of  airflow  at  any  oil  seal.  This  must  be  checked 
for  each  group  of  seals  in  turn.  If  the  pressure  balance  around • the  oil  seals  is 
almost  perfect  it  will  be  found  that  the  vent  flow  calculated  for  the  failure  case 
will  provide  a very  low  pressure  difference  across  all  seals  when  they  are  all  at 
the  clearance  for  maximum  wear  allowance.  In  these  circumstances  the  vent  flow 
should  be  increased  to  bri^g  the  oil  seal  pressure  difference  up  to  a suitable  mini- 
mum, about  k psi  (1.7  kN/tn  ) at  sea  level  static  take  off.  Fig.  11  shows  a typical 
plot  of  seal  failure  margin. 

Thus  the  benefits  of  a well  pressure  balanced  system  are  reduced  vent  flow  with 
extended  seal  failure  margins.  These  effects  are  enhanced  by  making  use  of  oil 
faced  labyrinth  seals  and  particularly  by  use  of  hydraulic  seals, 
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DISCUSSION 


F.WUlkop,  Germany 

I have  a question  concerning  the  hydraulic  seal.  Do  you  have  experience  with  counter-rotating  seals,  their  heat 
generation  and  their  need  of  oil  exchange? 


Author’s  Reply 

Tests  have  been  carried  out  investigating  the  operation  of  contra-rotating  hydraulic  seals.  These  showed  that  such 
seals  were  not  stable  and  would  not  support  significant  pressure  difference  and  hence  further  testing  was  not 
pursued. 


Fig.  1 SINGLE  SEAL  BEARING  COMPARTMENT 


COMPARTMENT  DE  PAUER  A JOINT  UNIQUE 


Fig.  2 TYPICAL  BEARING  COMPARTMENT 
COMPARTMENT  TYP/QUE  DE  PAUER 

VORTEX  PRESSURE  GRADIENT 
CHUTE  DE  PRESSION 


Fig.  3 PRESSURE  BALANCE  PASSAGE 

PASSAGE  O'EQUIUBRE  DE  PRESS/ON 

VORTEX  PRESSURE  GRADIENT 
CHUTE  DE  PRESSION 
TOURBILLONNAIRE 
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Fig.  4 SECONDARY  VENTING 

AERA  TION  SECONDA/RE 


DRY  VENT  TO  BY  PASS  DUCT 
VENTIL  ATION  SECHE  A CONDUIT 
DE  DERIVATION 


HP  TURBINE  COOLING  AIR 
AIR  DE  REFROIDISSEMENT  DE 
TURBINE  A HP 


WET  VENT  TO  EXTERNAL  GEARBOX 
VENTILATION  HUMIDE  VERS  CARTER 
.DE  TRANSMISSION  EXTERIEURE 


HP  TURBINE  SHAFT 
ARBRE  DE  TURBINE 
HP 


L P TURBINE 
COOLING  AIR 

AIR  DE  REFROIDISSEMEN7 
TURBINE  BP 


LP  TURBINE  SHAFT 
ARBRE  DE  TURBINE 

<£.  AXE 


Fig.  5 COOL  AIR  BLANKET 
ENVELOPPE  D'AIR  REFROIDI 


WET  VENT  TO  EXTERNAL  GEARBOX 

VENTILATION  HUMIDE  VERS  CARTER  DE  TRANSMISSION 
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Fig.  6 
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Fig.  7 RING  SEAL 
JOINT  ANNEAU 
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Fig.  8 HYDRAULIC  SEAL 

JOINT  HYDRA  UUQUE 


Fig.  9 HYDRAULIC  SEAL  WITH  DEFORMABLE  WEIR 
JOINT  HYDRAULIQUE  A VEC  DIGUE  DEFORMABLE 


Fig.  10  OIL  FACED  LABYRINTH 

LABYRINTHS  A FACE  D'HUILE 
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FIG.  11  ESTIMATION  OF  SEALING  SYSTEM 
INTEGRITY 
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TRANSPORT  PHENOMENA  IN  LABYRINTH- SEALS  OF  TURBOMACHINES 
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SUMMARY 

In  turbomaohines  it  haa  been  obaerved  that  the  oil-fog  and  the  oil-vapour  produced 
in  the  region  of  bearinga  may  be  tranaported  through  the  labyrinth-glands  in  the  direotion 
opposite  to  the  buffering-fluid-flow. 

Two  mechanisms  are  found  to  be  at  the  origin  of  this  undeaired  transport) 

e the  diffusion  of  the  oil-vapour  due  to  the  concentration  gradient, 

e the  transport  of  small  oil-dropleta  due  to  the  complex  flow  created  in  the 
labyrinth-seals. 

The  intensity  and  limits  of  theao  two  phenomena  are  studied  theoretically  and  experi- 
mentally! experiments  have  been  performed  in  a real-sise-model  and  in  a second  large-scale- 
model,  both  of  the  ’'straight-through-type*  with  moving  fins  end  a stationary  outer  cylinder. 


NOMENCLATURE 

Symbols 

A fm*) 

jB 

b 

c (<*.«-♦; 

J>  (*.,* wej 

l t « ) 

kM 

L 

n 

<k  (*••") 

r,*,& 

k c) 

r 

/ft 

to  ($“*) 

(*  t on  the 


t area 

i breadth  of  one  labyrinth- 
ohamber 

i thickness  of  a fin 
i velocity 
i diameter 

i focal  length  in  LDV 
) number  of  labyrinth-chamber 
i mass  transfer  coefficient 
i distance  of  the  laser-beams 
in  LDV 

i spaed  of  rotation 
t flow  rata 
i coordinates 

i angle  between  the  plane  of 
laser-beams  and  the  plans 
of  labyrinth-fins 
s concsntration  of  propane 
i dynamic  viscosity 
i specific  mass 
i angular  frequency 

drawings  ) 


Indicas 


t related  to  the  Inner  cylinder 
t related  to  the  tip  of  the  fins 
i related  to  the  outer  cylinder 
t related  to  the  real-sise-model 
i related  to  the  large-scale-modal 
i axial  component 
t radial  component 
i tangential  component 
t of  the  fluid 
i of  the  partiale 
' in  the  i-th  chamber 
■ average  in  the  gap 


Definitions 

C«M  i average  axial  valooity  of  the  buffer- 
^ ing-fluidtin  the  gup 

c*”' 

t)i  i Reynolds  number  Re  > 

Abbreviation 

ppm  i parts  per  million 


1,  INTRODUCTION 

The  labyrinth-glands  are  contactless  leakage  reducing  elements  for  turbomachines 
working  at  high  rotational  speeds « according  to  the  direotion  of  the  pressure  drop  s 
certain  amount  of  fluid  flows  through  the  glands.  When  this  exchangs  betwesn  the  fluids 
inside  and  outside  of  the  machine  has  to  be  absolutely  stopped  we  make  use  of  a buffering- 
fluid.  The  buffering-fldid  la  injected  into  the  labyrinth-glands  in  ordar  to  assure  two 
flows  in  opposite  directional  the  first  one  directed  to  the  atmosphere  and  the  second  to 
the  inner  side  of  the  machine.  _ . ..  , , 

iMuffkr/nt  - f tula 

In  practice  it  has  been  observed  that  oil  is 
transported  from  the  region  of  bearings  to  the 
inner  side  of  the  turbouaohine  through  the  laby- 
rinth-glands, in  the  direction  opposite  to  the 
buffering-fluid-flow. 

The  problem  may  bs  aummariusd  as  follows 
(se«  figure  1)  3 

The  spaces  £ and  S ure  ^opei'eted  by  s rotor 
equiped  with  fins,  the  outer  cylinder  is  at  rast. 

The  fluid  in  X contains  oil  in  gaseous  form  and 
oil-droplets.  The  pressure  in  £ is  higher  thar  in 
X and  due  to  this  pressure  difference  we  have  a 
flow  f*.om  IT  to  X through  the  glands.  In  spite  of 

thi*  flow  w.  observe  oil  in  son.  f . ri„ur.  ^ Bch-Mtic  vlw  of 

the  problem 


Cl-X 


The  purpose  of  this  paper  i tt  to  study  the  mechanisms  causing  this  undesired  trans- 
port phenomenon. 

2.  CLASSIFICATION  OF  TRANSPORT  MECHANISMS 

In  turbomachinss  the  lubricating  oil  is  partially  vaporized  due  to  the  heating  in 
the  bearings.  Another  part  of  this  oil  is  atomised  by  centrifugation  and  constitutes  a 

suspension  of  oil-droplets  in  the  air,  aalled  the  "oil-fog”.  The  oil  in  gaseous  form  will 

be  referred  to  as  the  "oil -vapour 

The  following  transport  phenomena  can  be  observed i 

e the  oil-vapour  has  a certain  concentration  in  the  region  of  bearings  and  can  be 
transported  by  diffusion  to  those  regions  whare  the  concentration  is  lower, 
e large  droplets  end  their  trajectory  on  a stationary  surface  in  the  zone#  before 
entering  in  the  labyrinth-glands)  smaller  droplets  follow  the  flow  more  or  less 
accurately  and  we  shall  show  that  there  is  some  probability  that  droplets  can  be 
transported  by  this  procedure  from  space.?  to  space  £ through  the  glands. 

Experiments  have  been  done  in  order  to  study  separetely  the  two  mechanisms i 

e the  diffusion, 

e the  transport  of  small  droplets. 

The  determination  of  tha  rates  of  diffusion  has  been  performed  on  a real-size-model 
and  as  to  the  complex  flow-field  in  labyrinth-glands,  measurements  and  visualization  have 
been  done  on  a larga-scale-model . Tha  transport  of  tha  oll-droplats  of  different  sizea, 
observed  in  the  real-aize-model , can  be  explained  by  the  information  on  the  velocity- 
field. 

3.  DIFFUSION-EXPERIMENTS  V///// 

3.1  Configuration  of  labyrinth-glands  , , 

Tha  experimental  models  investigated  are  both  of  tha 
"atraight-through-type",  with  moving  fins  and  a stationary 
outer  cylinder. 

The  variables  are  the  rotational  apead  of  rotor  and 
the  average  axial  velocity  of  buffering-fluid  through  the 

gap  between  the  fins  and  the  outer  aylindar.  i 


Figure  2.  The  chosen  configura- 
tion of  labyrinths 
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3.2  The  real-aize-model  | 

The  principal  dimensions  of  the  real-aize-model  are  given  on  figure  3.  The  annular  j 

chamber  in  the  middle  of  this  model  simulates  the  zone  S close  to  a bearing  of  a turbo-  { 

machine  where  the  oil-fog  and  the  oil-vapour  are  produced.  The  buffering-air  ia  fad  I 

radially  at  atation  £ and  we  have  nine  identical  fine  between  the  intake  ( £ ) of  the 
buffering-air  and  the  exit-chamber  (S ) ■ The  outer  cylinder  ia  made  of  plexiglaaa  and 
equiped  with  49  holea  of  / mm  diameter  for  sampling. 

A direct-current  drive  motor  allows  rotational  speeds  from  100  to  0100  m/V V 
Average  axial  velocities  of  the  buffering-air  in  the  gap  are  assured  up 'to  3 

3.3  Experimental  equipment 

The  figure  4 shows  the  arrangement  for  the  diffusion-experiments.  Instead  of  oil- 
vapour  we  injected  propane  gas  in  the  exit-chamber  ( S ) and  measured  the  propane-concen- 
tration in  the  samples  taken  through  different  holes  on  the  plexiglass-cylinder. 

A flame-ionisat ion-detector  was  used  for  the  determination  of  propane-concentrations. 

The  propane-concentration  was  maintained  about  9000  ppm  in  the  exit-chamber  ( S ) during 
the  measurements . 


n 

FLonmettr 
pH  for  prop*** 


Buffering -air 


Samp  It 


Figure  4.  The  arrangement  for  the  diffueion-experlmente 


3.4  Resulta  and  discussion  of  tha  diffusion-experiments 

Ths  results  ars  shown  on  figures  S and  6.  Tha  figurs  5 gives  ths  variation  of  the 
propane-concentration  through  the  glands  for  ■ §000  mi>ii  and  • 0,23 ) 0,50 ) 0,15 ) 1,00m/  , 

Tha  figure  6 shows  that  only  the  ratio  Ca, «/Ca,*  is  determinant  and  the  Reynolds  nuaiber 
(obtained  with  C*,f  or  C*()w  ) has  no  influanca  in  ths  investigated  domain. 

During  the  experiments  tha  best-room  concsntrstion-level  was  about  25  ppai  and  we 
found  the  same  concentration- level  at  station  Sg  which  is  situatad  at  some  distance  from 
the  labyrinth-glands,  on  the  buffering-air  admission-pipe. 

In  our  case  we  have  not  any  net  propane  transport  fret#  £ to  £ through  the  glands. 
Therefore,  the  concentration  in  the  i-th  labyrinth-chamber  is  the  result  of i 

e s global  transport  due  to  the  buffaring-air-f low*  and 

e a turbulent  mass  transfer  i i A ( -*t)  • T 

Thus  i 

A ( V(.4  -Vj  *0  (l) 

For  a large  number  of  labyrinths  with  an  averags  mass  trsnsfsr  coef fiaisnt  , we 
obtain  the  propane-concentration  in  the  i-th  chamber  (see  ref.  1)  i 


m Va-Up 


(2) 


Concentration  of  proper*,  (ppm)  Concentration  of  propane  (ppm) 


Labyrinth-  chambers  ■ 

Direction  of  the 
buffering -air-  flow 


1 » S 


Labyrinth  - chambers  > 


Figure  5. 

Result!  of  the  diffusion- 
expsriments  fori 

..SlWM  mV*! 


te9 


• 1,00 
x 0,79 
o (ISO 
♦ 0,09 


Concentration  of  propane 
— in  V ambient  air 


Figure  6. 

Results  of  the  diffusion 
experiments  fori 
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»>ith  C*m  » 


A 


equation  (2)  reduces  toi 


«rt  - y#  • 


(3) 


Above  the  difference  of  concentration  of  100  ppm 
between  two  neighbouring  chambers , the  four  distribu- 
tions given  on  figure  5 satisfy  the  equation  (3).  Thus, 
we  obtain  the  mass  transfer  coefficients  given  on 
table  1.  The  value  of  shows  a slight  decrease 

with  increasing  C^a/Ca^n  ratio. 

Below  the  concentration-differ- 
ence of  100  ppm  between  two  neighbour- 
ing chambers/ the  intensity  of  diffu- 
sion is  reduced  and  an  effective  seal- 
ing against  diffusion  is  obtained  two 
or  three  chambers  upstreams,  after 
that  the  difference  becomes  lower  than 
100  ppm. 

The  difference  of  the  concentra- 
tions at  stations  Jt  and  0 la  due  to  a 
protection-ring  situated  between  the 
labyrinth-glands-sone  and  the  spaces'. 

During  the  diffusion-experiments 
it  was  also  observed  thatt 

e there  was  no  perceptible  vari- 
ation of  concentration  in  any- 
one of  the  labyrinth-chambers 
during  one  hour  runa, 

e the  propane-concentration  in 
the  chambers  varied  proportion- 
ally to  the  concentration  in 
the  apace  S when  this  was 
varied, 

e the  peripherical  variation  of 
concentration  in  every  chamber 
did  not  exceed  ± 101  of  the 
average  value. 

Aa  a partial  conclusion,  we  can 
say  that  aare  must  be  taken  against 
the  transport  by  diffusion  whan  we 
have  reduced  velocities  of  buffering- 
fluid  and  also  if  only  a few  laby- 
rinth-chambers are  dieponible. 

4.  DETERMINATION  OP  THE  FLOW-FIELD 
IN  A LABYRINTH-CHAMBER 


Ct.a 

Ca.it* 

90 

ISO 

m 

360 

0,60 

a 04 

0,59 

a 9S 

Table  1. 
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4.1  The  large-scale-model 

In  order  to  examine  the  details 
of  the  flow,  a large-aoale-model  (five 
times  greater  than  the  raal-siie-model 
with  geometriaal  similarity)  was  con- 
ceived. Figure  7 gives  ths  principal 
dlmenaiona  of  this  model. 

in  this  model  we  used  water 
instead  of  air.  Therefore,  the  hydro- 
dynamical  similarity  requires  the 
reduction  of  all  velocities  in  a ratio 
of  83  in  the  water j the  rotational 
speed  is  reduced  420  times.  The  buf- 
fering-water flows  from  the  bottom  to 
the  top.  On  the  outer  ay Under  we  have 
two  plexiglass  windows  for  visualisa- 
tion and  velocity  measurements. 


Figure  7.  Ths  large-scale-model 


Figure  8 . e— 

The  doub.le-helicoidal 
flow- pattern 


Figure  9.  Flow-images  obtained  by  dye-inj act ion-method 


4.2  Flow  visualisation 

With  the  injeation  of  adored  dyes  (Luaonyl  from  BASF  diluted  with  water)  at  appro- 
priate injection  velocities,  it  waa  possible  to  determine  the  local  directions  of  the 
flow  velocities  in  a labyrinth-chamber  for  different  pairs  of  "rotational  speed  - axial 
velocity  of  buffering-water". 

From  the  flow-images  obtained  with  this  technique  and  represented  on  figures  8 and 
9 we  deduce  thati 

e without  rotation,  one  large  helix  appears, 

e with  rotation, but  buffering-flow  lacking,  two  similar  and  partially  overlapping 
spirala  appear, 

w with  both  rotation  and  buffering-flow,  the  two  helices  are  diatortad. 

Thus,  the  main  flow  for  ftdO  and  consists  of  two  oppositely  rotating  and 

partially  overlapping  halloas. 

Besides  the  observation  of  the  mean  flow,  the  flow  visualisation  revealed  also  the 
momentary  baok-flowe  oocuring  in  the  gap.  During  these  experiments,  the  perietal  injection- 
point  waa  situated  approximately  5 mm  on  the  downs trsam-s Ida  of  the  gap  and  in  apite  of 
the  buffering-water-flow  the  in jet  ced  dye  came  momentarily  back  (with  a random  frequency) 
through  the  gap  into  the  labyrinth-chamL  r situated  upstreuns. 

4.3  baaer-Dopplar-Velocimotar  (LDV)  measurements 

The  measurements  are  made  with  a BBC-Goers  veloolmater  (modal  I>C  01)  in  the  back- 
scattering  mode  and  a BBC-Goers  signal  processor  (modal  L8X  01) . The  laser  source  was  s 
S mW  Helium-Neon  unit.  The  output-signal  of  the  procaseor  was  sampled  at  the  rate  of  1000 
aamplea  per  aeaond  end  each  sample  was  atookad  in  the  corresponding  channel  of  a numerical- 
traaimant-un.it  (Didst  800  from  Intarteohniqua) , The  fresh  tap-water  did  not  show  any  diffi- 
culty during  the  measurements, which  were  done  through  s plexiglase  window  presenting  the 
eame  internal  curvature  as  the  outer  cylinder. 

The  points  where  the  velocity  measurement*  are  performed  are  given  on  figure  10. 

Except  < :ww  points  closs  to  tho  fins,  at  each  point  two  measurements  in  two  different 
directions  (namely,  fi • t JO*  relatively  to  the  circumferential  diraotion)  hava  baen 
carried  out.  Hare, "one  measurement"  means  the  probability  dsr.sity  distribution  of  the 
velocity  in  the  concerned  direction,  this  distribution  being  obtsinsd  for  s total  of 
500000  samples  at  the  rate  of  1000  values  per  second. 
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From  these  distribution*  we  computed  the  average  velocities  and  the  central  momenta 
up  to  the  fourth  moment.  With  two  average  velocities  in  different  directions  at  the  same 
point  we  obtained  the  averages  of  the  axial  and  the  tangential  components  of  the  velocity. 
The  distributions  of  these  components  arc  given  on  figure  11  for  *31,35  min'*  and 

‘0,035  Wy  (these  values  correspond  to  rtmm  9000  min'1  and  £#,*•$»  3 *****  in  the  real- 
size  model).  On  these  representations,  the  inner  cylinder  is  rotating  counter-clockwise 
when  seen  from  the  top  and  the  buffering-water  flows  from  the  bottom  to  the  top.  For  the 
sake  of  representation  o£  the  small  axial  components  the  velocity-scales  have  different 
values  for  each  distribution  on  the  figure  11. 

The  distribution  of  tho  axial  components  (figure  11. b)  (negative  values  are  black) 
confirms  the  results  of  the  visualization)  we  find  again  the  two  distorted  vortices  with 
a region  of  negative  velocities  across  the  chamber. 

From  the  distribution  of  the  tangential  velocity  components  (figure  11. a)  it  can  be 
seen  that  in  the  middle  of  the  labyrinth-chamber  the  average  tangential  velocity  reacha 
SOt  of  the  circumferential  velocity  of  the  moving  walls. 

The  double-helicoidal  flow  in  the  space  between  the  fins  explains  the  transport  of 
droplets  within  a labyrinth-chamber.  As  to  the  transport  from  one  chamber  to  the  neigh- 
bouring one  situated  upstreams,  the  turbulent  velocity  fluctuations  in  the  region  of  the 
gap  may  be  at  the  origin  of  the  momentary  back-flows  observed  during  the  visualisation- 
experiments.  The  variation  of  the  fluctuations  when  approaching  the  walls  and  mainly  in 
the  region  close  to  the  gap  can  be  observed  on  figure  12.  On  this  figure  are  given  the 
probability  dansity  distributions  versus  the  velocity  at  four  different  points  for 
n^*ai,35  mltf*  and  C*,*,  £ a 0,oiS  w tx** . 

From  figures  12. a and  12. b we  see  the  inoreaaea  of  the  axial  component  and  also  of  the 
velocity  fluctuations  whan  we  approach  the  stationary  outer  wall)  however,  there  is  a 
manifesting  velocity-peak.  Figure  12. c gives  the  situation  in  the  middle  of  the  chamber) 
the  flow  ia  practically  tangential.  In  contrast  to  the  distribution  of  the  figure  12. b, 
the  velocity  distribution  in  the  gap  (figure  12. d)  shows  the  lack  of  a dominant  velocity 
and  the  fluctuations  rsach  ± 251  of  the  average  value  for  /Sa+90*  and  ± 33%  for  /#  e-*0*. 
Unless  the  fluctuations  in  the  fi **S0*  and  fim.30*  directions  were  rigidly  correlated  (which 
is  unlikely),  the  momentary  axial  velocity  in  the  gap  can  well  take  negative  values, 
explaining  thus  the  transfer  observed  in  the  visualization. 

The  partial  conclusion  we  can  deduce  from  the  flow-field  observation  ia  that  the  two 
helices  account  for  the  transport  of  a droplet  within  a labyrinth-chamber, and  the  velocity 
fluctuations  in  the  region  of  the  outer  wall  and, mainly,  near  the  gaps  may  transport  drop- 
lets from  one  chamber  to  the  next  one  situated  upstreams. 


5.  MOTION  OF  DROPLETS  IN  THE  LABYRINTH-GLANDS 


Considering  the  motion  of  discrete  (non- interacting) , spherical  end  smell  (Stokes- 
drag-law  applies)  droplets  entrained  by  a gas  flow  (ss*  ref.  2),  we  can  verify) 

e the  centrifugation  of  the  droplets  by  the  predominant  tangential  velocity  component, 
e the  flow  tracing  fidelity  of  particles  in  the  fluctuating  flow-field. 

Tor  tangential  and  radial  velocity  components  of  the  droplet  we  have  (see  ref.  3) > 


Thus  the 


Hare  i 


r a ..A  ^£-1,  Pg.:.$r  (at  radius 

cm  • ^ <*V  (at  radius 

ratio  of  the  two  components  is) 

Cm  • fa 

CM  * Cf,t 


¥ 
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(4) 

(5) 

(6) 

(7) 


In  our  case,  for  the  ratio  Cptr/Cp,t  obtain  the  values  given  on  table 


The  values  of  the  radial  velocity  of  the 
particles  do  not  exceed  the  order  of  magnitude 
of  the  radial  and  the  axial  velocity  compo- 
nents of  the  afore-mentioned  helices.  Large 
droplets  cen  not  enter  anyhow  in  the  labyrinth 
glands-sone,  being  already  oentrifugatad  in 
the  space  S . Smaller  droplets  will  follow, 
to  soma  extend,  the  helicoidal  flow,  but  in 
any  oaa*  centrifugation  tends  to  move  the 
droplets  in  th*  direction  of  the  outer'  wall 
where  large  velocity  fluctuations  art  present. 


Dp 

nS*m 

fl.Kf* » 

IA f*m 

Cap 

-ffcl- 

0,0035 

0,010 

0,0*33 

0,390 

Table  2. 
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In  this  gland-zone  close  to  the  outer  wall,  the  flow  tracing  fidelity  of  droplets 
has  to  be  verified.  Expressing  the  particle  velocity  in  terms  of  the  fluid  velocity  with 
the  aid  of  an  amplitude-ratio  and  a phase  angle  (see  ref.  4)/  we  obtain  for  our  conditions 
the  amplitude-ratios  and  the  phase  angles  given  on  table  3 . 

These  considerations  show  that  particles 


Frequency  of  fluctuations 

1000  s'* 

SOOO  s1 

A mpUtmk 
rail* 

•*ou 
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Phot s 
aa$U 

1.10'** 

1,000 

-to* 

0,990 

-Oft* 

2-l0~4m 

am 

-4ft* 

0,044 

-19,0* 

S.l6*m 

0,917 

-21,9* 

0,417 

-OSft* 

10.10** 

0,497 

-00,0* 

0.H4 

-63/f 

Table  3. 


of  the  micron-si se  will  follow  the  fluctuations 
of  the  flow  and  can  be  transported  in  the  unde- 
sired direction  in  spite  of  a buffering-fluid- 
flow. 


6.  CONCLUSIONS 

e The  diffusion-experiments  show  the  possibility  of  an  undesired  transport  of  the 
oil-vapour  by  diffusion  at  raduced  buffering-fluid  velocities  and  also  if  only  a 
few  labyrinth-chambers  are  diaponible. 

e From  the  measurements  with  the  Lassr-Dopplar-Valocimeter  and  with  the  aid  of  the 
visualizations  we  observe  a doubla-helicoidal  mean  flow  in  the  labyrinth-chamber. 
Turbulent  velocity  fluctuations  are  superposed  to  the  mean  flow.  The  intensity  of 
the  fluctuations  increases  when  approaching  the  stationary  wall  and, mainly, the 
region  of  the  gap. 

e As  theoretical  considerations  prove,  droplets  of  the  micron-siza  ( L^tQ  se)  can 
accurately  follow  the  fluctuations  and  move  in  this  way  in  the  opposite-direction 
to  the  imposed  buffering-fluid-flow, 
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DISCUSSION 


B.Wriatey,  UK 

Please  comment  on  the  effect  of  cell  proportion  on  oil  transport. 


Authors'  Reply 

Our  tests  have,  up  to  now,  been  performed  with  only  one  geometry  of  approximately  1 : 1 -ratio  of  height  to  breadth 
of  the  labyrinth  chambers.  Of  course,  the  mars  transfer  coefficient  km  depends  on  geometrical  parameters; 
effectively  it  may  be  expressed  as  a mass-transfer  Stanton  number  Stm  . 

Stm  ■ km/U  - f(Re,  C,/U,  geometry) . 

Our  tests  have  resulted  in  the  order  of  magnitude  of  km  » 0,007 , nearly  independent  on  Reynold!  number, 
slightly  dependent  on  ratio  Ca/U , but  certainly  influenced  by  geometry.  We  are  examining  this  by  theory  and 
experiment.  Let  us  remark  that  the  mentioned  value  is  of  the  same  order  of  magnitude,  as,  but  higher  than  an 
expected  turbulent  mass  transfer  value;  the  Increase  is  due  to  the  described  flow  pattern. 
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SUMMARY 

In  high  power  danaity  turboaachinaa  vibrational  problaaa  ariaa.  Ona  raaaon  ia 
cauaad  by  exciting  forces  in  aaaling  gapa.  Thia  affect  can  ba  aaan  in  tha  unayaaatrical 
praaaura  distribution  within  tha  aaaling.  in  ordar  to  gat  fundaaantal  knowledge  of  tha 
flow  in  aaaling  gapa  n taat-facility  for  labyrinths  was  inatallad.  which  allows  to 
invaatigata  savaral  labyrinth  configurations.  Tha  following  paraaatars  can  bo  variadt 
tha  shaft  rotation,  tha  praaaura  diffaranoa  on  tha  saal,  tha  entry-awirl,  tha  aooantr.ic- 
ity  of  tha  rotor  and  tha  gaoaetry  of  tha  labyrinth. 

Tha  prasantad  invaatigationa  show  a syataaatio  dapandanca  of  tha  axcitad  lataral 
forcaa  on  thasa  paraaatars.  For  a givan  labyrinth  tha  oorrasponding  forca  coefficient 
ia  ralatad  to  tha  antry  conditiona  of  tha  flow  and  tha  praaaura  diffaranoa  on  tha  aaal. 
Two  axaaplaa  of  calculation  daaonatrata  tha  application  of  tha  taat  results. 
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1 
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axial  flow  valoctiy  bafora 
tha  labyrinth 

circuafarantial  flow  valoctiy 
bafora  tha  labyrinth 

rotor  diaaatar 

relative  adaisaion  anargy 
of  tha  flow 

rotor  accentricity  (dine unioned) 

rafaranua  forca 

halght  of  tha  chaabar 

excitation  constant 

lataral  forca  spring  coefficient 

nuabur  of  whirling  chaabars 

atatic  praaaura  after  the  labyrinth 

static  pressure  bafora  tha 
labyrinth 

differential  pressure 
lataral  fores 
restoring  forca 
rotor  radius 

radial  labyrinth  claaranca 
spacing  of  the  1”  yrinth 
peripheral  rotor  apeed 
relative  accentricity  of  tha  rotor 
density  of  fluid 
peripheral  angle 

rafara  to  position  bafora  labyrinth 

at  aach  chaabar 

total 

summation  over  all  chaabara 

lataral 

restoring 


Superscripts: 

* diaenaionlaas  value 

- aaan  value 
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The  economical  requirements  and  tha  technical  development  lad,  on  many  techni- 
cal fields,  to  bigger  and  bigger  machine  units.  This  applies  especially  in  tha  case  of 
tha  turbo-aaohina  engineering  due  to  tha  constantly  incraaaing  parfornanca  requirements. 
Saif  excited  rotor  vibrations,  produced  by  tha  flow  forces  of  tha  handled  fluid,  belong 
to  tha  phanoaana  causing  new  operating  probleaa.  Tha  origin  of  tha  exciting  foroas  is, 
at  tha  present,  only  partially  known.  Among  others,  tha  power  proportional  lateral 
forces,  known  under  tha  designation  "Staan  Whirl  Excitation",  invastigatad  by  Thonas  (1) 
belong  to  the  oauses  of  thia  occurranoa  which  are  baing  considered.  Tha  Multiplicity  of 
tha  vibrational  phanoaana  obaarvad  on  aanufacturad  fluid  nachlnnry  as  wall  aa  on  nodal 
testa,  points  to  tha  fact  that,  baaidaa  tha  invastigatad  claaranca  excitations,  other 
exciting  forces  act  on  tha  rotor  via  tha  working  fluid. 

Tha  saarch  for  tha  physical  raaaona  of  thaaa  vibrations  out  of  rotational  fra- 
quancy  lead  to  tha  flow  occurrsncaa  in  glands,  sealing  gaps,  balance  pistons  and  shroud 
bands.  Evan  aaall  unsyaaatrias  in  tha  pressure  distribution  on  the  above  units  give 
origin  to  forces,  which  ara  capable  of  lifting  the  weight  of  tha  rotor,  Tha  lateral 
force  component  of  tha  resulting  rotor  load,  caused  by  tha  uneven  prasaura  distribution, 
can  raach  a vibration  exciting  axtant. 

Loaakln  (2)  shows  that,  in  aasa  of  an  eccentrical  position  of  the  shaft  in  tha 
casing,  variable  flow  raaiatanaas  occur  in  tha  gap.  Tha  different  flow  apaeda  resulting 
froa  this  fact  causa  an  unsyaaatrical  pressure  distribution  with  regard  to  tha  shaft 
center  line  and,  therefore,  lataral  forces.  Lomakin  considers  hare  tha  plain  axial  flow 
only  (ona-dimanalonal  consideration)  . Tha  circumf arantial  flow  and  specially  tha  influ- 
ence of  tha  shaft  rotation  ara  not  taken  Into  consideration . Domm  and  hia  collaborators 
(3)  invaatigata  tha  influence  of  tha  sealing  gap  nt  boiler  foed  pump  impellerc.  Tha 
lataral  forces  ara  considered,  which  occur  in  case  of  smooth  annular  claarancaa  and 
accantrical  shaft  position,  as  wall  as  their  influence  on  the  vibrational  behaviour  of 
tha  rotor.  Alford  (4)  occupias  himself  with  lataral  forces  in  case  of  labyrinth  aaals. 

Be  is  of  ths  opinion  that,  in  csaa  of  gap  width  variable  with  tima,  lataral  foraea 
occur,  which  act  aut-of-phasa  with  ragard  to  deflection.  Depending  on  reduction  or 
enlargement  of  the  gap  width  in  flow  direction,  exciting  or  damping  forces  appear,  for 
which  no  baaia  explanation  is  given  in  this  theory.  Ths  investigations  (1,  5,  6)  include, 
besides  ths  sealing  gap  flows,  also  tha  affects  of  ths  unsvan  distributed  blade  forcaa, 
tha  influences  of  tha  bearings  and  other  effects  of  ths  whole  machine.  Tha  above  works 
oonaidar  boundary  conditions  of  the  shroud  band  at  tha  impeller  of  a turbine  stage,  and 
an  imcompraasibla  flow  baing  aaaumed. 

It  la  known  that  tha  lataral  foroaa  of  tha  shaft  aaal,  leas  considered  up-to-now, 
give  much  more  reason  for  dif f icultlaa , tha  larger  tha  power  concentration  of  thaaa 
machines  becomes.  According  to  manufacturers ' statements,  tha  number  of  operating  prob- 
lems with  high  praasura  compressors  due  to  vibrational  excitations  out  of  rotational  fre- 
quency increased  more  and  mora,  lately,  which  origin  la  assumed  to  be  in  tha  gap  flow 
phanomana,  but  also  with  stationary  gas  turbinss  of  highsr  powsr,  stability  problaaa 
iron  for  ths  asms  raason. 

In  ardsr  to  inarsass  ths  availability  of  tha  machina  units,  a mors  and  mora  exact 
and  complex  vibrational  calculation  la  naoaaaary.  Usrsto,  tha  spaad  synchronous  vibra- 
tions (unbalsnca  vibrations)  as  wall  aa  tha  self  excited  vibrations  out  of  rotational 
frequency  must  alao  be  taken  into  consideration,  Tha  influence  of  tha  selected  bearing 
arrangement  (spring  and  damping  ooaf f iciente)  must  also  be  taken  into  consideration, 
since,  in  caaa  of  plain  bearing,  oil  film  instabilities  (nil  whip)  may  lead  to  self 
axuitation  (7,  8).  Besides  of  this,  ths  knovladgs  of  ths  sslf  sxlting  aschanismus csussd 
by  flow  la  decisive,  sines  these  modify  tha  stability  limits  of  ths  rotor  (9,  1,  5,  6). 
bollaann  and  hia  co-workers  (10)  make  a comparison  of  tbs  various  flow  effects  causing 
vibrations  out  of  rotational  frequency. 

Tha  purpose  of  tha  labyrinth  investigations  shown  underneath  is  to  determine  tha 
flow  induced  foraea  appearing  in  tha  saaling  gape.  The  resulta  of  tha  investigations  lead 
to  a lateral  forca  excitation  coefficient  of  tha  ahaft  seal,  which,  comparable  with  tha 
excitation  coefficient  at  tha  iapaller,  suet  alao  be  included  in  tha  vibrational  cal- 
culation. in  opposition  to  tha  investigations  mads  until  now,  ths  influence  of  ths 
compressible  flow  in  saals  has  been  investigated eapirstely,  in  order  to  allow  s sep- 
aration of  thaaa  affects  from  the  other  self  axcitlng  causae  (10). 
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LABYRINTH  TEST-FACILITY , TEST  FROORAMNE  AND  EVALUATION 

For  tha  investigation  of  various  labyrinth  configurations,  a new  test-facility, 
which  operation  began  in  1976,  was  concaivad  at  ths  Institut  fflr  Thsrmischs  Btrflmungs- 
aaschinan  of  tha  Stuttgart  Univaraity.  Figure  1 shows  tha  sectional  drawing  of  tha  teat- 
facility  for  labyrintha,  Dealgn  and  inatallation  ware  mada  together  with  tha  firma  be- 
longing to  tha  "Forschungsversinigung  Varbr annungskraf tmaschinen  e.V.*,  Frankfurt/Nain, 
Fuderal  Republic  of  Germany.  Tha  picture  shows  a labyrinth  sealing  gap  (half  labyrinth) 
with  plain  shaft  and  seal  topi  mortised  in  ths  casing.  Bach  whirling  chamber  of  ths 
labyrinth  caaing  la  provided  in  circumferential  direction  with  twelve  statical  pressure 
measuring  holes.  Ths  flow  enters  tha  test  seal  froa  above,  ssvsral  inflow  asssabliss 
being  available,  with  which  different  entry  swirla  of  tha  aasl  oan  be  produced.  Tha  teat 
medium  is  air  which  ia  expanded  to  tha  ambient  conditions.  Ths  speed  of  tha  rotor  ia 
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continuously  adjustable  (uw  BJlx  - 150  m/s).  The  rotor  eccentricity  can  be  arbitrarily 
■elected  within  the  range  o t the  mean  gap  width  (dr) . 

The  collection  of  the  total  of  216  measuring  data,  pressure  measuring  data 
alone  are  in  number  of  168, is  made  with  a measuring  data  collection  computer,  A central 
processing  unit  takes  over  the  control  of  the  measuring  unit  Installed  at  the  test 
facilities  and  processes  the  obtained  digital  measuring  data  for  pressures,  temperatures , 
leakage  flows  through  tha  seal  and  rotor  speed.  The  data  output  for  the  test  evaluation 
at  the  main  computer  can  be  selected. 

The  labyrinths  to  be  tested  are  sketched  on  figure  2.  The  following 

test  parameters  oan  be  varied) 

The  entry  conditions  before  the  inlet  tooth  (pQ,  cuo) . 

The  eccentricity  of  the  rotor  from  the  concentric  position  (c  - 0) 

up  to  the  relative  eccentricity  c • 0,9. 

The  velocity  and  direction  of  rotation  of  the  rotor. 

Tha  number  of  whirling  chambers  (a)  of  each  type  of  construction. 

The  geometry  of  the  whirling  chamber  (dr,  t,  h)  of  each  type  of 

construction. 

Tha  investigations  on  the  first  two  labyrinth  configurations  (Type  a and  b)  are  com- 
pleted; at  the  present,  the  test  evaluation  for  the  version  b with  four  and  two  whirling 
chambers,  respectively,  is  being  made. 

Figure  3 shows  now  typical  dimensional  pressure  distributions  in  a labyrinth  gap 
seal  with  three  whirling  chambers.  Tha  location  of  tha  praaauia  measuring  planaa  in  tha 
chambara  la  sketched  in  tha  diagram.  In  ordar  to  datwrmina  possible  pressure  variations 
over  tha  depth  of  tha  whirling  chambara,  two  measurings  on  the  peripheral  line  taka 
place  for  each  chamber  (seal  top  slip  t - 8 am,  pressure  measuring  holss  spacing  4 mm) . 
Over  tha  periphery  of  tha  labyrinth,  tha  pressures  era  measured  in  30  degrees  distances; 
peripheral  angle  f ■*  o°  is  the  position  of  the  widest  gap,  f ■ 180°  is  the  loaation  of 

tha  narrowust  gap.  Tha  measuring  data  shown  on  tha  diagram  are  tha  mean  data  of  aaoh 

of  tha  two  measuring  holes.  Tha  pressure  variations  of  both  data  are  lass  than  ona 
percent  of  tha  diffarantial  praaaura  acting  on  the  seal. 

Parameter  of  tha  pressure  distribution  presentation  ahown  is  the  relative 
admission  anargy  of  the  flow  K*.  Tha  full  lines  (point-symbol)  are  tha  result  of  a plain 
axial  entry  flow  (Kg  « o) , the  stroke  curves  for  a swirl  entry  flow  (1^  « 0,22).  Tha 
eccentricity  is  0,7,  the  measurings  taka  place  with  rotor  in  stand  still  condition.  Tha 
praaaura  distribution  for  the  axial  entry  flow  has,  In  tha  first  chamber,  tha  charac- 
teristic distribution  according  to  Lomakin  (2),  i.  a.,  tha  highest  praaaura  in  tha 
narrowest  gap.  This  affect  is  inverse  in  the  second  chamber,  in  tha  third  chamber  the 

pressure  is  almost  equally  distributed  over  the  periphery.  For  the  awirl  entry  flow  tha 

maximal  pressure  is  located  before  the  narrowest  gap,  tha  prassuxe  variations  In  the 
chamber  are  mors  evident. 

The  normal  loads  on  the  shaft  (R  and  g)  ahown,  are  the  components  of  the  loads 
resulting  from  the  pressure  distributions.  The  restoring  fores  R acts  against  tha  rotor 
oooentrioity , i.a.,  cantaring,  the  latoral  fores  Q vertical  to  tha  accentricity . Sines 

the  pressure  distributions  in  the  ahambsrs  (p. (♦))  ere  periodic  over  the  rotor  periphery, 
the  evaluation  is  Bade  possible  by  means  of  a^Fouritr’s  development,  tha  pressure  prog- 
ress being  presented  by  s trigonometrical  series.  The  resulting  normal  forces  are  obtained 
by  addition  over  all  chambers  to; 

Restoring  force 

R « - V r<  t • f V,  t<P)cos«M<P 
l«1  6 

For  the  pressure  integration  in  tha  individual  chembers,  only  the  terms  of  ths  basic  fre- 
quency are  then  of  interest.  The  advantage  is  that  small  prsasura  measuring  errors,  per- 
csptibls  by  mesne  of  terms  of  highsr  dsgrse,  do  not  appsar. 

■owaver,  for  a systematic  test  evaluation,  a relative  presentation  is  mors 
rscomssndabla . Fig.  4 shows  ths  most  important  ralations.  Ths  rsfarsnea  foros  for  tha 
dimensionless  labyrinth  seen  values  of  the  lateral  and  restoring  forces  is  aa  follows i 

F#  «■  r • m • t • Apgt  (N) 

Tha  pressure  distributions  era  made  dimensionless  by  means  of  ths  static  praaaura  differ- 
ence acting  on  the  seal  (ip  . ) . The  expansion  in  the  labyrinth  is,  with  this,  standard- 
ised for  ell  the  praaaura  conditions  between  1 and  0.  The  relative  admission  anargy  of 
the  flow  **  into  the  labyrinth  repraaants  tha  relation  of  tha  flow  energy  in  circumfer- 
ential direction  (+  u - direction  of  rotation  of  tha  rotor)  to  tha  flow  energy  in  exiel 
direction  (ip  ) . Ths  cosfficient  X*  is  designated  as  dimsnsi  s spring  constant, 

since  it  indiSaces  tha  rise  of  tha  force  displacement  curve  in  uwpendence  on  the  relative 
admission  energy  of  the  flow.  Tha  dimensional  normal  forces  on  tha  shaft  axs  than  ob- 
tained from  the  product  of  tha  specifla  relative  spring  constant  with  ths  rslatlvs  rotor 


Lateral  force 
m 2Tt 

q m Y r • I ■ f p (»pl  simp  dtp 

l«1  o 1 
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eccentricity  and  reference  force. 


FORCES  AND  LATERAL  FORCE  EXCITATION  CONSTANTS  IN  LABYRINTHS  NITH  SNIRL  ENTRY  FLON 

The  relative  pressure  distribution  is  represented  in  rig.  5 in  dependence  on  the 
swirl  entry  flow  for  a constant  axial  pressure  difference  of  a half  labyrinth  with  12 
whirl  chamber*.  The  rotor  eccentricity  for  the  three  reprasented  tests  is  constant  with 
c ■ 0,8  . The  pressure  variations  in  the  individual  chambers  increase  with  rising  rela- 
tive admission  energy  of  the  flow.  Compared  with  the  axial  flow  (Eg  « 0)  the  maximal 
pressure  for  e£ > O novas  to  a point  before  the  narrowest  gap,  and  the  rotor  load  result- 
ing from  the  pressure  distribution  gives  the  restoring  and  the  exciting  lateral  force. 

The  most  important  forces  occur  in  the  first  whirl  chamber,  then  a sudden  reduction  of 
the  circumferential  flow  takes  plaas,  the  pressure  variations  after  the  7th  chamber  are 
thus  detectable  only  for  large  E*  values. 

Nhila  Fig.  S shows  the  parameter  b£,  the  second  decisive  inflow  coefficient,  the 
rotor  eccentricity,  is  made  evident  in  rig.  6.  For  a 7-chamber  labyrinth  sealing  gap  the 
pressure  distributions  for  the  concentric  and  two  eccentric  rotor  positions  are  shown. 

In  oase  of  concentric  shaft  position  (c  ■ 0)  the  pressure  on  the  periphery  of  the  whirl- 
ing chamber  la  constant.  Thus,  the  larger  the  rotor  eccentricity  becomes,  the  more  in- 
tensive will  be  the  prassure  variations,  i.e.,  the  resulting  lateral  and  reatoring  forces 
on  the  shaft. 


These  force-displacement  curves  are  graphed  for  tha  12-chamber  half  labyrinth  in 
fig  .7)  tha  parameter  is  tha  relative  admission  energy  of  the  flow.  Tha  mean  relative 
reatoring  force  R is  slightly  negativa  over  all  12  chambers,  because  only  the  first 
whirling  ahaaber  has  a positive  restoring  fores.  Accordingly  tha  mean  labyrinth  value  of 
the  reatoring  force  varies  around  aaro  depending  on  the  number  of  chambers,  and  is 
therefore  of  subordinate  importance  compared  with  the  lateral  force  under  swirling  entry. 

The  lateral  forces  on  the  shaft  increase  linearly  with  the  rotor  eccentricity  up 
to  deflections  of  c « 0,6  - 0,7,  As  the  ahsft  displacement  Increases  further  (though 
this  doss  not  happen  in  actual  machine  operation)  the  curve  flattens  out  slightly.  For 
t * 0 tha  characteristic  curves  must  peas  through  the  aero.  Any  aaro  errors  arising  can 
thus  be  eliminated  by  parallel  displacement.  This  is  mads  clear  by  tha  curve  Eg  » 0,083. 

Tha  slops  of  tha  lateral  force-displacement  curves  plotted  depends  only  on  the 
relative  admission  flow  energy,  i.e.  on  tha  ratio  of  tha  entry  swirl  energy  to  tha  total 
pressure  gradient.  This  statement  is  valid  regardless  of  tha  number  of  whirling  ahambara 
or  tha  shape  of  s seel.  Fig.  8 shows  test  results  for  the  labyrinth  type  * b • with  six 
chambers.  Tha  mean  gap  width  dr  has  been  halved  compared  with  the  half  labyrinth.  Xn 
addition  a few  test  points  have  bean  plotted  with  negative  rotor  acoentrloity,  in  order 
to  show  tha  linear  aaro  passage  of  the  lateral  forca-diaplaoamant  curves. 

The  slopes  of  thasacharactarlatios,  which  are  linear  up  to  a rotor  eccentricity 
t ■ 0,6,  give  tha  dimensionless  lateral  force  spring  coefficient  Kg  (B'J,)  (relative 
labyrinth  mean)  for  the  partlouiar  labyrinth.  The  dimensioned  lateral  force  than  emerges 
as  the  product  of  tha  lateral  force  spring  constant  with  tha  acoantrioity  (t)  and  rsfer- 
snes  fores  (Ap-t  . r . a . t) . with  equal  relative  admission  flow  energy  Eg  the  relative 
lateral  force  is  greater  with  a small  number  of  seal  chambers  than  with  more  chambers, 
baosuse  the  mean  is  taken  over  the  labyrinth.  It  can  be  shown  that  ths  pattern  of  the 
lateral  foros  across  ths  individual  chambers  is  influenced  only  by  ths  raiativs  admission 
flow  energy,  Irrespective  of  tha  number  of  whirling  chambers  in  tha  seal.  Tha  marked  drop 
in  the  lateral  forces  occurs  in  the  first  ohembsrs,  as  is  documented  also  by  tha  pressure 
distributions  shown.  The  reason  lias  in  tha  retardation  of  the  circumferential  flow  by 
friction  and  vortex  loaees.  At  the  same  tins,  however,  the  axial  veloctiy  inoreasaa 
ataadily,  mo  that  the  chamber-specific  ratio  of  swiri  to  axial  component  becomes  progres- 
sively smeller,  i.e.  the  flow  angle  to  the  axial  direction  becomes  ever  emaller.  on  tha 
labyrinth  gap  seal  investigated  it  c«n  be  observed  that  after  the  lo-12th  whirling 
chamber  there  are  practically  no  longer  any  lateral  forces  due  to  swirling  entry  flow, 
because  tha  ou  component  of  tha  flow  has  been  dissipated. 

Fig.  9 summarises  ths  invastigations  for  swirling  flow  into  ths  labyrinth  with 
characteristic  curves  for  various  labyrinth  types  having  different  numbers  of  whirling 
ohembsrs  in  each  case.  The  lateral  force  spring  constant  Kg  is  plotted  against  ths  rela- 
tive admission  energy  Eg  to  double  logarithmic  scales.  Between  ths  spring  constant  Kg 
and  ths  admission  energy  Eg  there  exists  a parabolic  relation.  The  influence  of  the 
number  of  chamber*  (a)  is  taken  into  account  roughly  reciprocally.  It  should  be  noted 
that  the  eymbols  entered  (o,  x)  are  not  individual  aeeeuring  points  but  ths  results  of 
evaluating  ths  associated  lateral  foroe-dlaplaoement  characteristics,  which  in  turn 
consist  of  seven  different  double  measuring  points  for  the  various  eccentricities.  This 
evaluation  route  ia  made  clear  by  Fige.  7 and  8. 

The  specimen  calculation  in  Fig.  10  shows  how  the  results  presented  previously 
may  be  used  to  dimenaio  « and  calculate  contactless  saala.  The  numerical  example  relates 
to  a labyrinth  seal  ooemonly  employed  in  turbine  engineering.  A*  already  explained,  it 
1*  sufficient  for  the  calculation  to  take  the  firet  >2  whirling  chembere,  because  after 
these  no  more  lateral  forces  appear  du*  to  swirling  entry  flow  into  tha  saal.  Tha  stetiu 
pressure  gradient  on  tha  12  chembere  ia  thus  pjj  - pa  - p . , . Apart  form  this  it  la  im- 
portant to  know  the  admission  stats  before  ths  first  praetor*  peek.  From  thssa  dats  ths 
relative  admission  anargy  Eg  oen  be  calculated.  With  this  and  ths  number  of  chambers 


(n  - 12  in  tha  example!  the  dimensionless  lateral  forca  spring  constant  can  than 
ba  determined  froa  tha  characteristics  in  rig.  9.  For  an  aasuaad  shaft  displaaaaaiit 
of  a > 150  pm,  i.a.  c ■ 0,3,  tha  latarai  fores  Q noraal  to  tha  rotor  daflaotion 
than  emerges.  Tha  dimensional  axltation  or  spring  constant  figuring  in  tha  vibra- 
tion calculation  is  tha  quotiant.  of  latarai  fores  and  daflaotion. 


XNFLUBNCI  or  SPUD  ON  TNE  LATINA!  rONCI  EXCITATION  CONSTANTS  IN 
LABYRINTHS  NITH  AXIAL  (NOM-ININLING)  ADMISSION  PLON 

Tha  foragolng  raaarks  are  oonfinad  to  tha  latarai  forca  axcltation  by  tha 
swirling  inflow  into  tha  aaal.  But  tha  influanoa  of  tha  paripharal  shaft  apsad  cannot 
ba  ignorad  either.  It  dapands  on  tha  magnitude  of  tha  circuaf arantial  flow  component, 
which  is  datarainad  by  tha  shaft  rotation.  As  a simplification  it  aay  ba  said  that  tha 
cu  component  is  a function  of  tha  ratio  batwaan  the  ratarding  surfacaa  (housing)  and  tha 
propslling  aurfaoas  (rotor)  in  tha  labyrinth  saal. 

Comparison  of  tha  labyrinth  configurations  (rig.  2)  shows  that  this  ratio  diffars 
oonsidsrably  in  tha  individual  types.  For  labyrinth  type  'b'  tha  ratio  is  high,  wharaaa 
in  typa  'o'  tha  cu -propelling  surfaces  of  tha  rotor  pradominata.  In  type  'o'  tha  two 
components  are  equal.  Tha  configurations  wars  chosen  deliberately  to  enable  tha  Influ- 
anoa of  spaad  on  tha  latarai  forces  in  ecoantrio  labyrinth  seals  to  ba  defined  with 
general  validity.  Below  tha  results  with  a comb  groove  saal  having  aaal  strips  mortised 
into  tha  rotor  ara  given. 

Graphed  in  rig.  11  ara  tha  latarai  forca-displaoamant  characteristics  of  a laby- 
rinth with  10  whirling  ohambars  and  axial  flow  admission,  constant  rotor  paripharal 
spaad  and  variable  axial  prassuia  gradient.  Tha  sense  of  rotor  direction  has  bean 
changed  to  enable  tha  exaat  slops  of  tha  characteristics  (K5)  to  ba  datarminad.  Any  saro 
errors  or  errors  in  tha  aaal  geometry  (c  ■ 0,1  A 25  tin)  ara  eliminated  in  this  way.  Cor- 
responding to  tha  paripharal  rotor  spaad  of  uN  ■ t 75  m/a  illustrated  as  an  example, 
further  spaad  tests  with  ravaraad  rotation  ware  examined  for  tha  various  rotor  eccen- 
tricities and  pressure  differences  on  tha  seal. 

Comparable  with  rig.  9 tha  latarai  forca  spring  constants  obtained  in  this  way 
yield  characteristics  for  tha  various  paripharal  rotor  speeds  (Pig.  12).  Tha  excitation 
constant  is  plotted  against  tha  reciprocal  diffarantial  pressure  at  tha  saal  to  double 
logarithmia  scales.  A parabolia  relation  exists.  If  the  parallel  straight-line  charac- 
teristics ara  compared,  the  linear  spaad  influanoa  of  tha  shaft  rotation  on  tha  latarai 
force  spring  constant  is  ravaalad.  Pig,  13  shows  this  for  tha  six-chamber  seal,  linos 
tha  mean  is  taken  over  tha  number  of  ohambars  in  accordance  with  rig.  4,  approximstaly 
tha  same  excitation  constants  result  for  equal  spaad  and  pressure  difference.  Tha  slight 
inoraasa  in  these  values  compared  with  tha  results  in  Pig.  12  is  due  to  tha  preliminary 
vortex  before  tha  first  asal  strip  caused  by  rotor  friction.  Kith  six  whirling  chambers 
this  has  a graatar  impact  than  with  tan.  Also  shown  in  Pig.  13  is  the  influsnes  of  tha 
location  of  tha  statia  pressure  measuring  holes  in  tha  whirling  ohasbsrs,  in  order  to 
'make  it  clear  that  no  foroa  changes  of  consequence  ooour. 

In  rig,  14  tha  axoitation  oonatant  due  to  spaad  has  bean  estimated,  as  it  emer- 
ges from  tha  above  results  under  axial  (non-swirling)  Inflow  to  tha  seal.  The  labyrinth 
seal  has  strips  mortised  into  tha  shaft.  The  number  of  chsmbars  and  pressure  diffaranoa 
correspond  to  tha  axampla  in  Fig.  lo,  though  tha  mean  gap  width  has  bsan  halvad.  As  tha 
axoitation  constant  dua  to  rotor  rotation  in  tha  dimensionless  form  doss  not  dapand  on 
tha  number  of  awirling  chambers,  for  tha  reference  foroa  rB  tha  total  nusbar  of  chambers 
(m  • 5o)  and'  tha  total  praaaura  gradient  suit  ba  taken  into  aaaount,  Although  the  later- 
al fore*  ia  laaa  compared  with  tha  calculation  affected  by  awirl  (uH  •<  o m/s) , a graatar 
latarai  fores  axoitation  conatant  (low  Ap _*)  amargas  in  the  saoond  specimen  calculation, 
bmcausa  tha  rotor  displacement  Is  only  half  as  much  with  ths  seme  rslativs  eccentricity . 
Howsvmr  this  remains  true  only  for  tha  above  axampla,  because  for  other  machine  para- 
astern  (large  Apa{.)  there  Is  a vary  low  TX  (uH , Apat).  Khan  determining  tha  lateral 
foroa  spring  constant,  with  constant  paripharal  speed  tha  velum  1/Apat  is  decisive. 


CONCLUSION 

In  acoantric  labyrinth  seals,  unequal  prassure  pattarns  ocaur  over  the  ciroum- 
fersnee  of  the  seal  due  to  tha  circumferential  components  of  tha  flows  in  tha  whirling 
chambers.  Tha  total  forca  on  tha  rotor  resulting  from  thasa  pressure  distributions  has 
been  determined  for  various  labyrinth  configurations.  It  could  ba  proved  that  tha  oom» 
ponsnt  N of  tha  total  fores  lying  in  tha  dmflaction  plans  of  ths  rotor  is  of  secondary 
Importance.  On  the  other  hand  tha  lateral  force  component  C acting  perpendicularly  to 
tha  rotor  daflaotion  constitutes  a vibration-exciting  factor  in  tha  rotor  dynamics 
Which  must  be  taken  into  account.  As  tha  investigations  show,  lateral  forca  axoitation 
constants  can  be  developed  for  tha  vibration  calculation.  In  the  presentation  fora 
adopted,  a dietinction  has  baan  made  batwaan  tha  causes  of  the  circumferential  flow. 

Far  the  swirling  flow  into  ths  labyrinth  the  lateral  fores  spring  constant  should  be 
rsprasaantad  systematically  as  a function  of  thsralstiva  admission  anargy  Ba,  regardless 
of  tha  labyrinth  typa,  in  comparable  form  the  influanoa  of  tha  shaft  rotation  on  ths 
lateral  foroa  excitation  constant  may  be  demonstrated.  Future  work  ought  to  supplement 
these  results  so  that  ths  expected  latarai  and  restoring  foraaa  with  aocsntria  shaft 
location  for  labyrinth  configurations  to  ba  daaignad  aan  ba  calculated  already  at  the 


draft  dasign  stag*.  Tha  rasulting  lataral  forca  axcitation  conatanta  will  than  allow 
battar  pradlotlon  of  tha  vibration  bahaviour  of  turboaaohlnas . 
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DISCUSSION 


R-A.van  den  fimonbuaache,  Belgium 

In  your  paper  you  have  studied  parameters  influencing  the  forces  in  a stationary  (non-swirling)  case.  However  there 
is  aiso  a controversial  and  apparently  very  important  parameter  in  the  case  of  a swirling  rotor,  namely  the  difference 
in  clearance  between  the  inlet  and  the  outlet  of  the  seal4.  Have  you  done  or  do  you  intend  any  measurements  about 
this  parameter,  or  could  you  comment  on  his  influence. 

Authors’  Reply 

We  have  also  studied  the  different  parameters  by  rotation  of  the  rotor.  These  results  are  reported  in  thia  paper,  but 
only  for  the  second  type  of  labyrinth.  The  investigation  of  the  labyrinth  gap  with  a smooth  rotor  has  shown  no 
noticeable  exciting  lateral  forces  by  axial  flow  admission  and  rotation  of  the  rotor. 

Measurements  with  variable  clearance  between  the  inlet  and  the  outlet  of  the  seal  (two  fins,  one  chamber)  are  not 
done  until  now.  In  operating  turbomachines  this  type  of  seal  is  normally  not  used  and  therefore  it  is  not  planned 
to  test  this  parameter  in  our  next  test  program  in  the  near  future.  The  influence  of  the  variable  clearance  has  to 
be  investigated  due  to  the  two  reasons  of  the  exciting  forces.  The  lateral  force,  induced  by  the  entry  swirl,  Is 
increasing  with  the  leakage  stream  by  the  same  entry  conditions.  The  effect  is  just  opposite  by  the  lateral  force 
due  to  the  rotor  rotation  without  entry  swirl.  The  connection  of  these  two  phenomena  will  give  the  comparison 
with  Reference  4.  In  contradication  to  Reference  4 the  influence  of  the  clearance  variation  between  inlet  and 
outlet  is  described  by  Spurk  and  Keiper.* 


I 


■1 

i 


D.A.Campbell,  UK 

Referring  to  the  Authors’  Figure  2,  the  test  configuration  (a)  has  the  sealing  fins  on  the  outer  static  member  with 
a smooth  rotor.  This  arrangement  is  not  normally  used  in  aero-gas  turbines  and  it  would  therefore  be  useful  to 
repeat  the  tests  with  the  fins  on  the  rotor  and  a smooth  stater.  This  would  allow  comparison  with  configuration 
(b)  to  determine  the  effect  of  steps  in  the  outer  member. 

Authors’  Reply 

It  Is  planned  to  test  these  configurations  too.  We  expect  to  get  the  same  lateral  forces  for  the  investigations  with, 
entry  swirl  and  without  rotation  of  the  rotor,  when  the  geometry  of  the  seal  is  equal  to  the  type  (a)  of  Figure  2. 
But  these  studies  will  show,  that  the  influence  of  the  rotor  speed  for  this  new  type  will  be  very  important. 


H.Zimmsrmarui,  Germany 

Have  you  done  theoretical  investigations  in  parallel  to  your  very  elaborate  measurements? 

Authors’  Reply 

In  the  first  step  the  Institute  has  done  theoretical  investigations  about  the  numerical  calculation  of  the  flow  in 
eccentric  smooth  gap  seals.  At  the  moment  parallel  to  our  experimental  studies  further  theoretical  work  is  done. 

It  is  possible  to  calculate  the  lateral  force,  but  more  Information  is  needed  on  the  coefficients  for  the  various  types 
of  labyrinths.  We  want  to  get  these  values  by  our  tests.  Then  a precise  theoretical  calculation  of  the  exciting 
forces  in  sealing  gaps  can  be  performed. 


H.Zimmcrmann 

Do  you  know  of  any  damage  done  to  u turbomachine  because  of  this  effect? 

Authors’  Reply 

Yes,  some  instability  problems,  due  to  these  effects,  are  known.  In  Reference  6 a steam  turbine  is  described  with 
leakage  flow  excited  vibrations.  By  disturbing  the  entry  swiri  in  the  seat  and  the  circumferential  flow  in  the 
chambers  of  the  labyrinths,  it  was  possible  to  operate  the  machine  without  vibrational  problems.  The  same 
effects  are  observed  in  turbo-compressors  with  high  power  density .f  The  damping  of  the  machinery  system  was 
going  negative  before  reaching  normal  speed  by  exciting  vibrational  forces  due  to  the  lateral  forces  in  sealing  gaps. 


H.L.Stocker,  US 

How  does  the  shape  of  the  seal  cavity  affect  your  results? 

Authors’  Reply 

Until  now  it  is  not  possible  to  determine  this  effect  exactly.  We  suppose,  that  the  height  of  the  chamber  in 
connection  to  the  clearance  of  the  sealing  fins  is  most  important.  With  constant  clearance  the  exciting  lateral 
force  will  increase  by  smaller  height, 

4 J.H., Spurk  and  R.Kelper:  Selbitcrregte  Schwingungon  bel  Turbomrschinen  infolgo  tier  Libyrinthitr&mung.  Ingenieur-Archlv.  43  (1974), 
pp, 127-135, 

t W.Aiohsr,  K.Jenny  and  H.Rodunar:  Untersuohungen  an  Turbokompreasoran:  Rotortchwingungen,  Schiufelichwinguiigen,  Veriuche  mil 
schweren  Gewn.  Sulur-Forwhunpheft  1978,  pp.11-18. 
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SUMMARY 


Rolls-Royce  have  developed  a Radiographic  Technique  to  study  the  behaviour 
of  Components  particularly  seals,  during  the  full  range  of  Gas  Turbine  operation. 

This  technique  has  proved  very  powerful  in  its  application  to  a wide  range  of 
engines,  particularly  during  transient  conditions. 

INTRODUCTION 

Historically,  the  measurement  of  air  seal  clearance,  particularly  at  the  tips  of 
coinpresnors  or  turbines,  has  been  carried  out  using  abradable  probes.  The  data  re- 
trieved from  such  devices  is  very  limited.  More  recently  work  has  been  carried  out 
to  determine  the  proximity  of  the  rotating  component  by  building  a sensor  into  the  fixed 
component.  Measurements  of  capacitance  can  be  calibrated  to  give  clearance  measurement. 
Another  device  in  the  Fenlo  type  probe  used  at  Rolls-Royce  which  uses  a motor  drive  to 
set  a spark  gap  between  a wire  probe  and  the  blade  tip.  An  alternative  is  the  optical 
type  of  probe  using  laser  light  which  may  be  stroboscoplcally  actuated  to  impinge  on 
selected  blades,  The  reflected  light  is  collected  by  an  electro-optic  device  and  the 
data  is  processed  to  give  clearance  information. 

All  these  techniques  require  engine  modification  and  special  engine  builds,  they 
are  also  difficult  to  install  in  many  instances. 


DEVELOPMENT  OF  DYNAMIC  RADIOGRAPHY 


The  application  of  high  energy  X-radiography  has  been  pioneered  by  Rolls-Royce  to 
provide  more  detailed  studies  of  component  flextures  and  two  dimensional  clearances  not 
possible  with  standard  devices.  It  has  also  been  a philosophy  of  our  work  that  it  should 
be  possible  to  use  the  equipment  on  any  engine  for  problem  identification  and  study  with- 
out special  modification.  The  provision  of  such  a capability  furnishes  us  with  an  ex- 
cellent front  line  diagnostic  Instrument.  (Ref.l). 

The  development  toward  this  capability  commenced' with  low  energy  (300  XV)  X-ray 
equipment,  flash  pulsed  X-ray  equipment  of  nanosecond  duration  and  medium  energy  (2.3 
MeV)  and  radioactive  isotopes  of  medium  energy  up  to  2 MoV  and  limited  X-ray  output 
(12  rads/hr).  This  early  work  showed  the  necessity  for  a higher  X-ray  energy  level  of 
up  to  8 Megavolts  (optimum  for  thick  steel  sections)  and  an  intense  continuously  pulsed 
output  of  X-rays.  It  had  earlier  been  supposed  that  nanosecond  duration  exposures  were 
necessary  to  arrest  the  motion  of  components  within  turbine  engines.  However,  the  experi- 
ments with  Isotopes  showed  that  the  image  did  not  substantially  suffer  degradation  due 
to  movements  including  vibration,  and  therefore  long  exposures  were  acceptable. 

The  experience  thus  gained  led  to  the  specification  of  a radiographic  electron 
linear  accelerator.  This  is  a pulsed  X-ray  source  with  a pulse  repetition  frequency 
range  between  SO  and  500  pulses  per  second,  Stroboscopic  techniques  may  be  used  in 
which  sensed  engine  rotational  speeds  trigger  single  pulses  to  build  up  images  of 
spoclflc  components. 

Following  satisfactory  trials  in  September,  1070,  on  the  Olympus  503  whore  the 
movement  of  H.P.  Compressor'  Labyrinth  seals  were  clearly  seen  and  H.P.  Turbine'Root 
Seals  (Fig.l),  a Radiation  Dynamics  Limited  'Super  X1  linac  (Fig. 2)  was  purchased  with 
an  X-ray  output,  of  1500  rmm  and  energy  level  of  8 MeV.  This  equipment  has  been  exten- 
sively used  at  Rolls-Royce  on  over  20 .different  engine  projects,  with  about  70  Installa- 
tions. Specially  prepared  Linac  Test' Sites  have  been  provided  at  the  Main  Work  Centres 
at  Nottingham,  Coventry,  Cheltenham  and  Bristol  serving  all  Aero  Engine  Division  Centres 
and  the  Industrial  and  Marine  Gas  Turbine  Division. 

As  a result  of  this  activity  over  18,000  radiographs  are  now  available  for  detailed 
analysis  covering  all  phases  of  operation  of  the  engines  under  study  including  steady 
states  und  a variety  of  transient  engine  meanoeuvres. 

. Radiographs  can  be  produced  with  exposure  times  of  tenths  to  tens  of  seconds, 
providing  a time  averaged  ituhge  of  a specific  engine  condition.  A very  large  number 
of  such  radiographs  would  he  required  to  cover  a full  engine  operating  envelope.  It 
is  therefore  necessary  'a  priori'  to  determine  a limited  number  of  conditions  in  an 
engine  testing  cycle  when  exposuros  should  be  made. 

Thus  a qualitative  system  was  devised  using  X-ray  television  (The  Delcalix)  which 
provided  a constant  flow  of  Images  with  an  effective  exposure  duration  of  l/25th  second 
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(Fig, 3).  This  capability  allows  the  identification  of  the  most  important  conditions 
which  may  then  be  recorded  by  film  ladiography  for  detailed  analysis.  The  total 
Radiography  system  is  shown  schematically  in  Figure  4.  (Raf,2), 

It  is  our  practice  to  first  radiograph  the  engine  when  'cold'  and  static,  thus 
providing  an  image  which  serves  as  a reference,  Any  subsequent  radiographs  made  with 
the  engine  running  are  compared  with  this  cold  static  and  the  relative  movements  of  the 
components  are  determined.  This  technique  assumes  that  the  radiographic  parameters  are 
maintained  constant  for  the  two  exposures,  therefore  quality  control  requires  consider- 
able attention. 

In  the  initial  stages  of  the  work,  single  radiographs  were  obtained  and  measurements 
were  made  using  a scale  and  light  box,  It  was  found  that  there  was  a high  degree  of 
subjectivity  and  the  technique  was  not  being  best  served.  A policy  was,  therefore, 
adopted  to  develop  the  previously  little  known  and  used  techniques  of  X-ray  photogrammetry 
and  to  centralise  the  analysis  of  the  images  obtained  into  a single  calibrated  group  of 
analyst  using  specialised  equipment. 


ANALYSIS  OF  RADIOGRAPHIC  IMAGES 

To  be  a useful  tool  to  the  Gas  Turbine  Engineer,  X-ray  imaging  must  provide  two 
levels  of  information.  Firstly,  it  is  required  to  provide  a qualitative  'feel'  for  the 
problem.  Such  'feel'  can  be  easily  obtained  by  viewing  the  images  on  light  boxes,  over- 
head viewers, comparators  or  video  monitors.  Secondly,  it  is  necessary  to  obtain  quant- 
itative data  on  the  phenomena  observed,  and  also  to  look  for  dimensional  changes  that 
are  too  small  for  qualitative  assessment. 

In  Rolls-Royce  a number  of  methods  are  used  to  quantify  component  movements  from 
radiographic  images.  The  most  simple  method  utilizes  co-ordinate  measuring  machines, 
low  magnification  optics  and  skilled  photogrammetrists , A 'multi-reading'  technique 
is  adopted  and  statistical  programmes  used  to  calculate  an  average  result  and  a con- 
fidence interval.  Despite  the  apparent  subjectivity  of  this  method  it  providos  reliable 
data  with  a typical  95%  confidence  interval  of  0,10  - 0,16  mm.  However,  many  problems 
require  greater  accuracy  or  a less  subjective  approach  for  difficult  radiographs.  A 
custom  made  video  microdensitometer  has  been  developed  to  provide  a very  accurate  density 
profile  across  the  area  of  Interest  (Fig. 6).  Suitable  algorithms  are  used  to  define  a 
measurement  position  within  the  profile,  A confidence  interval  of  0,05  mm  can  be  obtained 
by  this  method. 

Images  showing  very  low  contrast  oan  bo  improved  by  Digital  Image  Processing  or 
Optical  Processing  Techniques,  However,  care  is  needed  to  avoid  converting  artifacts 
into  recognisable  'engine  components. ' Thus  a range  of  methods  are  available  to  produce 
dimensional  data  from  radiograohic  images,  and  a further  range  of  computing  facilities 
are  available  to  assist  the  engineer  in  interpretation  of  this  data. 


APPLICATION  OF  RADIOGRAPHY  TO  SEALS 

Dynamic  Radiography  can  be  used  to  investigate  virtually  all  seal  areas  of  gas 
turbines  without  modification.  For  this  reason,  the  minimum  of  ’a  priori'  knowledge 
is  required  with  respect  to  the  components  to  be  investigated.  A development  engine 
experiencing  difficulty  can  be  radiographed  within  days;  and  various  areas  investigated 
until  the  problem  is  identified,  Of  course,  there  are  limitations,  the  technique  is 
primarily  used  to  investigate  only  one  two-dimensional  plane  (normally  a vertical 
centro-line) , and  only  data  on  mechanical  matching  of  components  is  obtained.  A very 
necessary  part  of  any  investigation  is,  therefore,  to  correlate  radiographic  data  with 
that  from  conventional  instrumentation  and  engine  strip  information. 

The  main  influence  on  mechanical  behaviour  of  components  can  be  broadly  categorized 
as  those  that  are  speed  dependant  and  those  that  are  temperature  dependant  with  a 
corresponding  thermal  response  time.  These  categories  can  be  separately  investigated 
by  suitable  choice  of  engine  conditions  to  be  monitored.  For  example,  short  duration 
exposures  can  be  used  to  investigate  speed  dependant  conditions  during  u fast  accelera- 
tion or  deceleration.  Longer  exposure  times  can  be  used  during  slow  handling  or  in  the 
stabilisation  period  after  a change  in  condition.  The  X-ray  television  system  is  utilized 
as  previously  described  In  order  to  define  the  best  conditions  at  which  to  produce  radio- 
graphs . 

Large  format  radiographs  are  used  to  obtain  the  greatest  information  from  one 
exposure.  For  example,  a radiograph  of  a turbine  tip  seal  will  also  yield  data  on  all 
associated  disc  seals  and  guide  vanes.  A fixed  datum  is  also  used  to  allow  the  measure- 
ment of  'absolute'  movements.  For  example,  the  diametral  change  of  static  and  rotating 
members  of  seals  can  be  calculated  in  addition  to  the  change  in  seal  clearance. 

Labyrinth  air  ami  oil  seals  can  be  readily  imaged  in  most  arses  of  the  engine  (Figure 
6).  Good  data  can  be  obtained  on  axial  and  radial  movements  of  both  static  and  rotating 
components.  This  data  can  be  used  to  ootain  optimum  build  setting  of  the  seal,  and  also 
for  profiling  of  the  static  component  if  large  axial  movements  occur.  If  the  axial  move- 
ment is  too  great  then  the  source  can  be  Identified  ar.d  a solution  devised.  Difficulty 
is  only  experienced  when  the  metal  path  thickness  is  over  250  mm  as  can  be  the  situation 
when  seals  are  inboard  of  discs,  large  flanges  or  test  bed  structure. 
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Shrouded  blades  are  radiographically  similar  to  labyrinth  seals  and  only  on  larger 
engines  does  the  metal  path  thickness  become  a severe  restriction  (Figure  7).  On  air 
cooled  blades  additional  information  is  available  on  seal  plates,  pre-swirl  rings  or 
cover  plates.  Guide  vane  and  root  seal  movements  can  also  be  observed. 

Unshrouded  blades  present  a different  problem,  the  metal  path  thickness  of  the 
blade  la  small  relative  to  total  thickness  to  be  penetrated.  For  this  reason,  it  is 
not  possible  to  reliably  image  the  tip  clearance.  However,  a close  approximation  to 
tip  clearance  changes  can  be  obtained  by  measuring  blade  platform  to  inner  casing 
dimensions  (Fig. 8).  The  unknown  dimensional  change  of  the  blade  aerofoil  can  be  cal- 
culated with  reasonable  accuracy, 

A number  of  other  phenomena  are  worthy  of  note  in  relation  to  seal  performance. 

Shaft  lift  on  squeeze  film  bearings  and  shaft  whirl  can  both  be  monitored  radiographically. 
Casing  distortion  can  also  be  observed  by  changing  the  orientation  of  the  X-ray  source. 
Bearing  loads  can  be  estimated  by  measuring  deflection  of  support  structures,  and  seal 
support  diaphragms  can  be  used  in  a similar  manner  to  estimate  pressure  loads. 


A CASE  HISTORY 

This  particular  radiographic  exercise  is  used  to  illustrate  many  of  thepoints 
discussed  in  previous  sections.  The  problem  concerns  au  industrial  engine  that  experi- 
enced seizure  following  an  emergency  shutdown  from  full  power.  The  high  pressure  spool 
remained  seized  for  between  four  and  six  hours.  Initially  it  was  thought  the  casing 
was  cooling  quickly  and  clamping  the  hlade  tips,  which  were  not  released  until  the  discs 
had  also  cooled.  However,  an  increase  in  tip  clearance  had  no  effect  on  the  seizure 
characteristics,  and  a decision  was  made  to  use  radiography  to  diagnose  the  cause. 

A number  of  seals  were  identified  as  being  potential  causes  of  seizure,  including 
all  blade  tips  (Fig. 9).  A full  programme  of  radiography  was  completed,  Including  engine 
handling  and  a simulated  emergency  shutdown.  The  radiographs  were  analysed,  and  the 
results  given  as  orbital  plots.  Figures  10  and  11  show  the  results  obtained  at  the  turbine 
and  compressor  tips,  clearly  indicating  no  contact  during  the  six  hour  cooling  period. 
Figure  12  shows  the  result  from  the  H.P.  Turbine  front  disc  seal,  indicating  a possible 
light  engagement  for  a limited  period.  The  results  from  the  H.P.  Turbine  rear  stub  shaft 
seal  however  indicates  the  main  cause  of  seizure.  Figure  13  shows  a radial  tightening 
of  the  seal  and  a large  axial  movement,  causing  heavy  engagement  of  the  seal  honeycomb. 
Consideration  of  results  from  the  radiographs  of  engine  handling  clearly  showed  that  the 
honeycomb  causing  seizure  was  not  contributing  to  seal  performance.  Profiling  of  the 
seal  could  therefore  be  carried  out  with  confidence  that  the  problem  could  be  overcome 
without  reducing  engine  performance. 

From  initiation  of  this  test  it  took  just  one  month  to  demonstrate  a successfully 
modified  engine.  A bonus  was  also  available  in  terms  of  a detailed  knowledge  of  every 
seal  in  the  H.P.  spool. 


CONCLUSION 

Gas  turbine  manufacturers  continually  strive  for  higher  efficiency  with  lower  main- 
tenance costs  - the  dream  of  every  operator,  This  target  of  Improved  efficiency  leads 
to  higher  compression  ratios,  higher  turbine  entry  temperatures  and  a requirement  for 
improved  sealing  efficiency.  The  task  of  the  designers  la  thus  becoming  increasingly 
difiicult,  particularly  In  the  prediction  of  transient  response. 

Dynamic  Radiography  provides  an  ideal  empirical  feedback  of  engine  mechanical 
behaviour.  This  information  can  be  used  to  refine  theoretical  predictions,  and  to 
'tune'  each  seal  during  eujine  development.  The  unexpected  problem  can  also  be  identified 
with  great  speed,  and  sufficient  data  collected  to  enable  rapid  solution. 
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DISCUSSION 


H.L.Stocker,  US 

How  do  you  approach  the  problem  of  circumferential  variation  in  clearance  auch  as  caae  ovalization? 

Author's  Reply 

Mounting  the  x-rsy  source  at  different  trangential  positions  allows  variation  in  circumferential  clearance  to  be 
quantified.  Additional  information  is  also  available  from  correlation  of  engine  strip  data  with  x-ray  results. 


R.A.Hartley,  United  Kingdom 

Is  it  possible  to  investigate  oil/air  leakage  across  seals  by  the  introduction  of  radioactive  isotopes  into  the  oil/air? 
Author’s  Reply 

The  only  possibility  for  Investigating  oil/air  with  x-rays  is  to  dramatically  increase  the  attenuation  of  the  oil/air. 
This  would  be  the  equivalent  of  the  medical  barium  meal.  However,  it  is  not  practical  to  use  this  technique. 


G.W.Fairbaim,  United  Kingdom 

When  obtaining  the  radiograph  of  a shroudod  turbine  tip  shown  in  Figure  7,  what  was  the  thickness  of  metal 
penetrated? 

Author’s  Reply 

The  metal  path  thickness  wss  approximately  1 75  mm.  Thicknesses  of  up  to  300  mm  of  steel  can  be  penetrated. 


D.K.Hennecke,  Germany 

Do  the  x-rays  penetrate  the  engine  parallel  or  in  a cone-like  way?  If  the  latter  is  true,  what  is  the  cone  angle  and 
what  are  the  errors  resulting? 

Author’s  Reply 

The  x-rsys  are  emitted  u a cone  of  radiation  having  an  included  angle  of  up  to  17*.  This  results  in  all  radiographs 
having  a geometric  magnification,  dependent  on  source  to  object  and  object  to  Him  distance.  It  is  also  neceaaary  to 
align  the  beam  to  the  subject  under  investigation.  Areas  out  of  alignment  display  obliquity  effects  which  would 
result  in  errors  of  measurement. 
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SUMMARY 

A facility  for  taeting  high  epead  mechanical  aeale  in  described.  Its  main  features  are: 

(1)  the  possibility  of  continuosly  varying  the  rotating  speed  up  to  60,000  rpm;  (2)  the 
possibility  of  independently  selecting  the  flow  rate,  the  pressure  and  the  nature  of  the 
sealing  and  cooling  fluid;  (3)  the  seal  power  consumption  is  accurately  measured  by  means 
of  a force  transducer. 

The  performance  of  a number  of  double  face  mechanical  seals  having  different  geometries 
was  investigatsd  on  this  rig.  Results  concerning  the  mechsnical  losses  and  the  leakage 
flow  rates  of  these  ssals  under  various  operating  conditions  are  presented  and  discussed. 


INTRODUCTION 

The  adoption  of  face  seals  is  undoubtely  attractiva  in  a wide  range  of  turbomachinery  ag 
plications,  their  main  advantage  being  the  low  rate  of  fluid  which  leaks  through  their 
faces  (often  in  the  range  of  a few  cubic  aentimatres  per  hour  or  less) . When  gases  or  va 
pours  ars  to  be  sealed,  the  so-called  "double  face  seal"  can  bn  used.  It  comprise*  two 
single  face  seala,  between  which  a sealing  and  coolant  liquid  is  injected,  usually  at  a 
pressure  larger  than  the  one  of  the  fluid  to  be  sealed.  While  face  seals  today  are  mass- 
produaed  for  low  speed  applications,  their  use  in  high  speed  turbomaahinery  is  still  li- 
mited. Actually,  whan  the  rubbing  speed  lnareases,  several  problems  appear: 

1)  the  leakage  flow  rate  increases;  according  to  the  Mayer  correlation  |1|,  represented 
in  Fig.  1,  if  the  sliding  speed  ia  increased  from  2 to  100  m/s,  the  leakage  rate  will 
be  multiplied  by  a factor  of  about  500; 


2)  the  power  consumption  increases,  mainly 
bscausa  of  high  turbolent  losses  occur- 
ring in  the  coolant;  for  instance,  an 
example  ia  quoted  in  Ref.  |1|  where  a 
seal  running  at  about  18,000  rpm  (rub- 
bing speed  85  m/s)  has  a 15  kW  power  con 
sumption  due  to  turbulent  losses; 

3)  high  wear  rates  can  take  place;  further 
more,  heat  cracks  aan  damage  the  sealaT 

The  theoretical  study  of  high  speed  face 
seals  seems  unfortunately  quite  difficult, 
because  of  the  interrelationships  occurring 
between  thermal  and  fluid  dynamic  phenomena. 
Reliable  design  methods,  accounting  for  coo 
lent  fluid  and  face  materials  properties, a- 
re  not  available. 

At  C.N.P.M.  (National  Canter  for  Research 
on  Propulsion  and  Energetics),  research  on 
olosed-ayule  power  plants,  operating  with 
various  working  fluid*, is  going  on  since 
aeveral  years.  In  most  of  the  fore  seen  ap- 
plications for  these  engines,  the  availabi- 
lity of  reliable  high  speed  seals  ia  a cru- 
cial point. 

Doubla  face  mechanical  aeala,  uaing  tha  fluid 
working  in  the  power  cycle  also  as  aaaling 
and  coolant  fluid,  ara  particularly  attrac- 
tive for  those  applications.  It  was  there- 
fore decided  to  oarry  out  an  experimental  re 
search  on  theae  saala. 

In  this  papar,  the  test  rig  built  for  this 
investigation  ia  dasoribed,  and  aoma  results 
concerning  a number  of  double  seala  of  va- 
rious geometry  are  presented  and  discussed. 


DESCRIPTION  OF  TEST  FACILITY 

in  designing  the  test  rig,  a number  of  requi 


rements  was  taken  Into  account: 

a)  the  seals  should  be  tested  at  various  speeds  of  revolution,  up  to  very  high  speeds: 

b)  the  pressure,  temperature  and  flow  rate  of  the  sealing  and  coolant  fluid  should  be  in 
dependently  varied: 

c)  various  sealing  media  should  be  tested: 

d)  the  power  consumption  of  the  seal  must  be  measured  with  good  accuracy; 

e)  leakage  rates,  averaged  on  a proper  amount  of  tima,  must  be  determined. 

Among  the  various  considered  solutions,  the  one  represented  in  Fig.  2 was  chosen. 


1-  oil  mist  lubrication  feeding  tank 
2»  oil  mist  lubrication  discharge  tank 

3-  multistage  centrifugal  pump 

4-  sealing  fluid  loop  flexible  pipes 

5-  water  cooled  heat  exchanger 

6-  membrane  prassuriser 

7-  pump  by-pass  loop 

8-  compressed  air  impulse  turbine 

9-  supersonic  nosiles 

10-  aompressed  air  main  feeding 

11-  nozzle  flexible  feeding  pipes 

12-  turbine  discharge 

13-  calibration  weight 

14-  calibration  graduated  arm 

15-  rpm  magnetic  pick-up 

16-  flow  rate  measuring  diaphram 


Fig.  2 - Test  rig  plant. 
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As  shown  in  the  figure,  the  seal  to  be  tested  ia  mounted  overhanging  a shaft  supported 
by  two  couples  of  angular  contact,  spring  pre  loaded,  oil  mist  lubricated,  bearings;  the 
shaft  is  driven  by  a compressed  air  impulse  turbine,  fed  by  six  supersonic  nozzles;  the 
sealing  fluid  loop  comprises  a multistage  centrifuge1,  pump,  a water-cooled  heat  exchan- 
ger and  a membrane  pressurizer;  the  pressure  and  tho  flow  rate  of  the  fluid  circulating 
in  the  seal  are  controlled  by  means  of  a by-pass  loop  and  a throttle  valve.  By  acting  on 
the  air  pressure  at  the  turbine  inlet  power  input  variable  from  0 up  to  20  kw  can  be  set, 
with  revolution  speeds  up  to  60,000  rpm. 


Fig.  3 - Shaft  mechanical  arrangement. 


As  shown  in  Fig.  3,  the  bearings  and  the  seal  casings  are  independently  mounted  on  ball 
bearings;  their  rotation  is  counteracted  by  two  force  transducers,  which  therefore  measu 
re  the  reaction  torques  caused  by  the  losses  in  bearings  and  seals.  It  is  believed  that 
this  direct  mechanical  measurement  is  more  precise  and  practical  than  heat  balance  measu 
rements.  The  system  can  be  easily  calibrated  under  operating  conditions  by  simply  apply- 
ing known  weights  on  a graduated  arm  (see  Fig. 2). 

It  was  found  that  it  is  necessary  to  repeat  this  calibration  for  every  variation  of  the 
sealing  pressure,  which  has  an  influence  on  the  elastic  reaction  torque  exerted  by  the 
pipes  of  the  sealing  loop. 

The  speed  of  revolution  is  measured  by  a magnetic  pick-up,  visible  In  Fig.  3. 

Eventually,  the  leakage  rate  is  measured  by  collecting  the  leaked  fluid  in  a given  amount 
of  time  in  a graduated  tank. 

All  measured  dr.ta  (reaction  torques,  rpm,  sealing  fluid  temperature  and  pressure  at  seal 
inlet  and  outlet,  sealing  fluid  flow  rate,  etc.)  are  sent  to  a data  acquisition  system 
and  then  computer  processed.  Controls  of  power  absorption  measurements  are  systematical- 
ly performed,  by  comparing  the  mechanical  power  (torque  x angular  velocity)  to  the  sea- 
ling fluid  thermal  power  (flow  rate  x enthalpy  increase  across  the  seal) . 

The  test  rig  was  completed  in  July  1976.  Since  then,  it  has  satisfactorily  operated  for 
more  than  one  thousand  hours  of  testB . 


DESCRIPTION  OF  TESTED  SEALS 

A number  of  mechanical  seals  were  designed  and  built,  with  the  cooperation  of  an  Italian 
firm  operating  in  the  field.  The  various  sealB  arrangements  are  represented  in  the  follo- 
wing series  of  figures,  while  the  salient  geometric  data  are  given  in  Table  1. 

All  seals  are  double,  i.e.  they  have  two  contact  faces,  separated  by  a room  filled  by  a 
liquid  which  has  the  triple  function  of  lubricating,  sealing  and  cooling  the  sliding 
faces. 

The  seals  A,  3 and  C are  ’’axial”;  the  sliding  faces  are  at  different  axial  positions  and 
operate  at  the  same  spaed.  Being  symmetric,  they  don't  exert  any  axial  thrust  on  the  shaft. 
Tha  seals  P,  E and  F are  "radial”;  the  sliding  faces  ars  at  tha  same  axial  position  and  o 
perate  at  different  speeds. 
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rig.  4 - CcoMtry  of  seal  a. 


Tig.  5 - GMMtiy  of  ml  I, 


The  seal  A is  made  by  a rotating  disk,  mounted  floating  on  the  shaft  by  means  of  two  o- 
rings;  the  two  sliding  faces  on  the  disk  are  of  tungsten  carbide;  the  stationary  elements 
are  made  of  graphite  and  spring  loaded.  The  sealing  liquid  is  brought  in  and  out  by  means 
of  the  holes  shown  in  Fig. 4,  and  the  turbulence  chamber  is  in  the  outer  part  of  the  seal. 
Seal  B is  made  by  two  rotating  disks,  mounted  floating  on  the  shaft;  the  stationary  gra- 
phite elements  are  central  and  the  turbulence  chamber  is  in  the  inner  part  of  the  seal, at 
lower  radii  than  in  solution  A. (See  Fig.  5} 

Seal  C la  identical  to  seal  A,  with  the  only  exception  being  the  holes  and  the  radial 
grooves  in  the  graphite  elements,  represented  in  Fig. 6. 

Seal  D 1 2 ( is  made  of  a stationary  graphite  diak  with  six  holes  which  bring  the  sealing 
fluid  in  an  uvular  groove,  which  substitutes  the  turbulence  chamber  of  the  previous  seals; 
the  rotating  diak  is  axially  floating  and  lta  contact  pressure  is  governed  by  the  springs 
load  and  by  the  hydraulic  pressure  of  the  sealing  fluid,  which  acts  on  the  back  surface 
of  the  ring,  (see  Fig.  7) 

Seal  E la  similar  to  D except  for  the  outer  diameter  of  the  back  surface  of  the  rotating 
disk,  which  is  larger,  thus  yielding  a larger  hydraulic  load.  Eventually,  seal  F has  a 
floating  stationary  disk,  spring  and  hydraulically  loaded;  the  rotating  disk  is  similar 
to  the  previous  one,  but  doesn't  have  springs.  (See  Figs. 8-9) 

TABLE  1 
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SEAL 

SPRING 

LOAD 

(N! 

INTERFACE 

SURFACE 

(mm2) 

HYDRAULIC 

SURFACE 

(tarn2) 

AREA 

RATIO 

SLIDING  FACES  MATERIAIE  poUGHHEgg 

(m«) 

'1 
' i 

A 

(Fig.  4) 

55 

465 

506 

1 .09 

Tungsten  oarbide/graph. 

.05 

■!  , 

B 

(Fig.  S) 

55 

246 

95 

.42 

Tungsten  oarbide/graph. 

.05 

ii  i 

C 

(Fig.  6) 

55 

369 

410 

1.11 

Tungsten  oarbide/graph. 

.05 

i 

v i 

D 

(Fig.  7) 

75 

471 

200 

.42 

Ni  -Resist/graphite 

.1 

. 

i ! 

B 

(Fig.  8} 

75 

471 

471 

1 .0 

Ni-Raala t/graphl te 

-1 

i : 

V 

(Fig.  9) 

75 

471 

483+331 

1.73 

Ni-Raaist/grephite 

.1 

l 

1 1-0 
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DISCUSSION  OF  RESULTS 

A number  of  teats  were  performed  for  all  the  above  described  seals,  at  various  operating 
conditions  (rpm,  pressure  and  flow  rate  of  sealing  fluid) . All  tests  were  carried  out 
with  water  as  sealing  fluid.  An  investigation  of  the  influence  of  the  properties  of  the 
fluid  is  planned  in  a future  aeries  of  tests.  Just  the  "overall  performance"  of  the  seals 
was  investigated,  i.e.  the  power  consumption  and  the  leakage  flow  rate. 

During  the  teete,  the  sealing  fluid  pressure  was  varied  from  1 to  8 bare  over  the  atmo- 
sphere} a lower  sealing  pressure  was  kept  for  tests  on  seals  D,  E and  F in  order  to  limit 
the  axial  thrust  on  the  shaft,  Tho  whole  range  of  speeds  of  revolution  was  investigated, 
from  O up  to  the  speed  at  which  the  "opening"  of  the  sealing  faces  occurred.  The  flow 
rates  of  the  sealing  fluid  across  the  seals  were  in  a range  of  50  -r  500  1/h;  however,  it 
was  recognised  that  this  parameter  exerts  only  a minor  influence  on  both  losses  and  leak 
ages,  provided  it  is  sufficiently  high  to  avoid  the  fluid  overheating. 

1 ) Maximum  speed  of  revolution 

As  said  above,  for  all  the  seals  ths  "opening"  of  the  faces  occurred  at  some  speed  of  re 
volution}  this  speed  varied  in  the  20,000  + 40,000  rpm  range  for  "axial"  seals,  and  in  ~ 
the  10,000  -r  20,000  rpm  range  for  "radial"  seals. 

This  "opening"  is  probably  caused  by  the  large  Increase  of  the  interface  pressure  occur- 
ring at  high  speeds  of  revolution;  the  sealing  pressure  increase  delays  but  doesn't  a- 
void  this  process.  For  "rsdisl*  seals,  ths  variation  of  the  area  ratio  from  seel  E to 
seal  F yields  just  e small  Improvement  (see  Fig.  20) . 

It  is  to  be  said  that  for  the  "radial"  aeals,  the  axial  thrust  produced  some  shaft  vibra 
tions,  whioh  probably  alter  the  phenomenon;  modifications  on  the  shaft  arrangement  to 
avoid  this  problem  are  already  planned. 

2)  Power  consumption 

Results  concerning  the  power  consumption  of  the  various  seals  are  given  in  Figs. 10-1 7 in 
terms  of  total  friction  torque. 

The  obtained  results  suggest  a number  of  consideration!,  whioh  are  given  in  the  i llo- 
wingi 

a)  inf lU£Qce_gf_sp#ed_of_£;eyglucion 

A large  increase  of  torques  in  experienced  at  high  speed  of  revolution,  due  to  turbulen 
ce  losses  in  the  sealing  fluid  caused  by  the  rotation; 

b)  inf lujQcg_of_!5« linger es jure 

In  general  an  inaraasa  of  sealing  pressure  yields  an  lncreaae  of  friction  torque;  howe 
var,  the  relationship  botween  these  two  quantities  is  a rather  complex  function  to  be  ~ 
predicted;  for  example,  for  seal  B,  the  increase  from  6 to  8 bars  produces  a torque  de- 
crease (Fig.  15); 

c)  influ«nSS_of_sagl_gsqmgtry 

- the  "axial"  aeals  have  a power  consumption  larger  than  the  "radial"  ones;  this  la  pro- 
bably due  to  the  better  lubrication  obtained  by  the  last  ones; 

- the  different  layout  of  seals  A and  B doesn't  seam  to  have  an  important  Influence  on 
losses  (Fig.  13) ; however,  a lower  Increase  of  losses  at  high  rpm  can  be  recognized  for 
seal  B,  having  an  innar  and  smaller  turbulence  chamber; 

- the  presence  of  grooves  has  a marked  beneficial  affect  on  losses,  as  shown  in  Fig. 14; 
this  can  be  explained  by  the  Mayer  theory  | 1 | > the  power  consumption  at  low  speed  is  si 
milar  to  the  one  of  "radial"  seals; 

- the  area  ratio  influences  the  friction  torque,  as  shown  in  Figs.  16  and  17. 

3)  Leakage  flew  rate 

The  obtained  result  are  represented  In  Figs.  18-20. 

For  "axial"  seals  A and  C the  peculiar  behaviour  occurring  at  high  speeds  can  be  obser- 
ved; an  inversion  of  leakage  flow  occurs,  and  the  liquid  travels  from  the  low  pressure 
to  the  high  pressure  region. 

This  can  be  explained  by  the  "pumping"  affect  of  the  rotating  disk  at  high  apesd;  when 
this  occurs , sxtrsnsly  high  flow  ratss  take  place. 

Comparison  bstween  results  of  Figures  18  and  19  shows  that  the  presence  of  radial  groo- 
ves, which  yislds  a far  better  power  consumption,  causes  a remarkable  inorease  of  leak 
ages,  due  to  ths  large  gap  height  consequent  to  the  hydrodynamic  action.  As  far  as  the 
"radial"  seals  ere  concerned,  very  low  leakage  values  are  found  up  to  the  "opening"  of 

the  seel. 
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CONCLUSION 

The  described  seal  test  rig  has  provsd  to  be  an  sfflalent  and  tellable  tool  for  testing 
high  speed  operation  of  mechanical  seals.  Non#  of  the  tested  seels  exhibited  a complete 
ly  satisfactory  high  speed  behaviour.  Very  high  turbulence  losses  ware  found  for  "axial" 
seals;  ths  pressnas  of  rsdisl  grooves  decreases  the  friction  torque,  but  yields  high  leak 
agss;  ths  "radial"  seals  have  a good  performance,  both  in  terms  of  power  consumption  and 
leakages,  up  to  moderate  apeada,  but  fail  at  high  speed,  due  to  ths  sudden  "opening"  of 
seeling  faces.  Further  investigation  ia  required  for  a batter  understanding  of  phenomena. 
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DISCUSSION 


J.A.Millward,  UK 

Were  any  measurement  or  observations  of  wear  rate  for  the  varioui  seals  made,  l.e.  is  it  possible  to  comment  on  the 
relative  wear  rates  of  the  various  designs? 

Authors’  Kepiy 

We  did  not  cany  out  any  long  wear  test  and  no  wear  parameter  was  recorded;  only  a serial  check  of  the  seal  ilidlng 
faces  was  made  during  the  testing.  However,  no  significant  wear  was  recorded  after  an  initial  period  of  adjustment 
of  the  sliding  faces. 

Also  at  high  speeds  of  revolution,  no  wear  appeared  if  a proper  cooling  and  lubricating  How  rate  was  guaranteed, 
Due  to  the  lower  power  absorption  of  the  “radial”  seals,  lower  woar  rates  were  noted  in  these  types  of  seals. 
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Iha  rotor  tip  olaaranoa  ayataa  oonaiata  basically  o t a atappar  aotor  drlvan  Insulated  vir*  whioh  la 
polariwd  at  a high  voltaga  and  whioh  sparks  to  tha  rotor  blada  tip*  whan  within  a oartain  diatanoa. 

Iha  incidano#  of  sparking  la  da  too  tad  and  tha  radial  imaarsion  of  tha  wira  ia  datarainad  by 
alaotronioally  oountinx  tha  motor  driva  pulaa*.  Tha  diaplaoaaant  ayataa  ia  baaad  upon  a oapaoitanoa 
tranaduoar  apaol  fioally  daalgnad  for  oparatloa  within  a caa  turbina  at  tn.paraturas  of  up  to  600  dogrsas 
Osntlgrads  and  praaauraa  of  300  pal.  Iha  tranaduoar  oapaoitanoa  whioh  la  a function  of  proba/rotatina 
aaal  olaaranoa  la  oonnaotad  into  tho  faodbaok  loop  of  an  aapllfiar,  tha  output  of  whioh  la  proportional 
to  tho  olaaranoa. 


a armm  mtoa  worn  roa  mmumamr  or  awm  nr  ouaxaxoxs 

Tha  ayataa  to  ba  daaorlbad,  waa  davalopsd  from  work  dona  a faw  yaara  ago  on  ooapcaant  prof 11 a 
inapootion  and  with  it  a matbar  of  auooaaafol  run*  on  taat  bo>d  anginas  hmra  baan  aohisvad,  both  in 
oonpraaaor  and  turbina  snvironasnta. 

Tha  priAolpia  u»\id  ia  vary  alapla  and  not  naw,  A wira  proba  ia  alaatrioally  polarlaad  and  fad 
towards  tha  rotating  fciadaa  until  it  ia  dlaohargsd  to  tha  blada.  Tha  ohanga  of  voltaga  whioh  than  oooura 
ia  uaad  to  oauaa  tha  proba  to  ratraot  until  tho  vc ' tags  ia  ra-aotabllnhsd'  whan  it  la  again  fad  towards 
tbs  Madsa.  Whan  tha  proba  la  wnaing  a turf  ana  it  is  onntinuously  oscillating  about  ,02wn.  Iha 
notion  of  tha  proba  la  continuously  nonitoxad  and  diaplayad. 

By  using  aodarn  taohni^uoa  and  ooaponsnta  a proba  has  baan  constructed  whioh  has  s fast  enough 
rasponaa  to  follow  angina  handling  condltiaaa,  with  tha  swaption  of  ooapraaaor  Burge,  and  tha  proba  ia 
snail  anough  to  fit  undar  tha  cowling*  of  a typioal  angina. 

Tha  auicrsnt  design  has  a uaaful  Manuring  ran a*  of  San  and  a apaad  of  rasponaa  of  Isn/aao,  Tha 

rapaat ability  ia  +.02na  and  accuracy  +.03an.  Tha  proba  doaa  not  saanura  tip  olaaranoa  dlraatly  but  tha 
diatanoa  froa  a rwfersnos  datua  to  tha  blada  tips.  Tha  stability  and  position  of  this  data*  with 
rsfarsnot.  to  tha  inalda  of  the  auxins  owing  is  obviously  important, 

Tha  proba  nay  ba  divldad  into  two  aaotiooa,  tha  asohauloal  driwa  ha  ad,  and  tha  a tan  aasaably  whioh 
fits  into  tha  angina.  Iha  latter  is  subject  to  ra-deaign  to  suit  dlffarsnt  anginaa. 

Tha  band  oonaiata  of  a stainlaaa  ataal  body  (i)  whioh  oan  withstand  ooollag  air  praaauraa  up  to 
270QkPa  (dOO  PBl) , This  houass  a Modified  small  stepping  notor  (B) . The  rotor  of  this  motor  is  a 
permanent  naans t wad  tha  original  shaft  was  restored,  tha  magnet  waa  boxad  oat  and  a naw  broasa  shaft 
fitted.  This  shaft  la  internally  thraadsd  to  form  a rotating  nut,  and  maternally  oarrlao  two  ball  raoa 
bsarlnga. 

Tha  laadaoraw  (0)  ia  guidad  by  tho  astandod  baa  ring  housing  (d)  and  prevanted  froa  rotating  by  tha 
aroem  pin  (l)  ia  a alot  in  tha  housing,  it  tha  rsar  a asperate  spring  loadad  nut  takes  up  and  play  in 
tha  baarlnga  cttA  laadaoraw  asoenbl  y. 

Tha  aotor  and  plates  ar*  bored  out  to  looate  on  spigots  on  tha  housing  and  tha  stator  la  hald  In 
pic*  by  four  sorswo  and  look  nuts.  1 small  want  holt  at  tha  raar  allown  a flow  of  cooling  air  through 
tha  notor. 

Tha  front  of  tha  body  housaa  an  insulated  ball  and  soaks t coupling  to  tho  proba  warning  alawant,  and 
tha  high  voltage  eonneotiott,  including  aa  lnterferenoo  suppressing  raalator  (a) . Rountad  off  tha 
bearing  housing  ia  a backstop  whioh  tha  proba  ra turns  to  In  tha  ratrnotad  position. 

Tha  oteat  shown  is  daaignad  for  tha  lower  temperature  anviroanants  such  as  oompreeeors,  and  oonaiata  of 
a stainlaaa  ataal  tubs  having  a osrwaio  tubular  insulator  doan  whioh  runs  tha  proba  waning  slanant,  a 
straight  etidnlee*  steal  wira, 

Tha  wholt  proba  is  mounted  off  a boas  on  this  tuba,  to  ba  loaatsd  as  ana r tha  Manuring  mom  an 
pnwtlaul.  In  this  aaw  tha  raar  of  tha  a tea  la  supported  in  sliding  saals  in  tha  angina  bypass  duct. 

Tha  oosllng  air  praaaura  prevents  hot  oonpraaaor  air  from  sntaring  tha  proba  by  travailing  up  tha  atan. 

Ugh  Taagerature  Stan  Oonatruotion 

Thin  diagram  shows  tha  typa  of  a ten  aonatruotioo  uosd  far  tip  olaaranoa  naaaunMnta  In  a hot  turbina 
anviroamt  and  it  has  aparatad  auooaaafully  up  ta  1800*1. 


It  ooulatfa  o f a Ilnouio  tub*  (A)  which  la  loo* ted  tram  th*  turbid*  shroud  ri&e  by  th*  bayonet  firing 
MTin+MWit  shewn.  Th*  tub*  bow**  • o*r*wulo  Insulator  (B)  of  th*  orou  Motion  sheen | this  allow*  a 
■operate  feod  of  ooollng  gae,  nitrogen,  whloh  travels  to  th*  tip  and  Iwep*  It  at  a rweaanehlw 
temperature.  In  tbl*  om*  th*  probe  body  1*  independently  aewntod  and  oooneatod  by  a lookabl* 
tolaeeoplo  ooupliog  burin*  a ball  and  aoobet  joint  at  aaah  and  to  allow  for  axial  ala  ellgiwent. 

I 

It  will  ba  aaaa  Mint  the  probe  sensing  oloMat  is  tale  a mo  baa  a a*  all  "flag"  naar  it*  out  and,  aban 
th*  probe  la  retowoted,  tbl*  flat  ooataota  tba  ianar  oavthad  wurfao*  of  tba  proba  atan  end  tbia  for**  a j 

roar  da  to*  f*o*  firm  wblok  aeaauxneeata  ax*  sad*.  It  ia  leeated  oIom  to  th*  cap  to  b*  noaaurod,  and 
tfeua  waxy  auob  reduo*#  orroxa  dna  to  thermal  expansion  of  th*  probe  end  a too.  It  do**  however  pom 
pxfelens  with  proba  ropleoeownt  and  it  ia  not  alway*  oonvenient  to  ua*  thi*  technique. 

i 

Slaotronio  Central  Spa  tan  ( 

th*  proba  la  polariaad  at  about  350V  00  froa  a apaeial  powar  aopply  whloh  la  inauiatod  fro*  oarthi  1 

tba  earth  coanaotlon  ia  and*  via  a raaiator  (l)  of  about  1000  ohaa.  By  thi*  ayaton  th*  ourrant  pea wed 
fro*  tba  proba  to  Mad*  ia  awa*t  and  not  ohangwi  ia  proba  roltan*. 

It  ia  dona  baaauaa  it  raaulta  in  auoh  laa*  alaotrloal  latarfartoo*  into  th*  following  logio  olxouita. 

Oowatdnrablo  precaution*  haw*  to  bo  taken  whoa  on*  ia  attenptlng  to  operate  high  voltage  sparteine 
olxouita  in  oIom  proxlalty  to  olMtxoaio  logic  elcnente, 

domes  loniator  (>)  ia  daonlopad  a anall  voltage  than  th*  proba  sparks  to  th*  hi  ado,  tbia  1*  filtered 
to  maove  affaota  fro*  bind*  peoelng  freqMnolea  and  otbar  abort  duration  tranalent*  and  th*  roaultant 
signal  ia  ooawarod  with  au  adjustable  reference  voltage  by  th*  oonparator.  Tba  lw**l  of  ita  output 
donotaa  whothsr  to  feed  th*  probe  in  or  out  and  it  oautrola  tba  so  tor  drlr*  logio.  It  alao  fanda  tba 
up/dawu  Una  of  a rerarelbl*  olaotroulo  counter.  1 deck  generator  fooda  bath  tba  notor  logio  and  tba 
oountar,  tba  fnxjiMocy  of  tbia  olook  oontrela  th*  notor  speed,  it  la  In  th*  ranp*  29  to  90Ba. 

Th*  output  fro*  th*  oountar  foods  a digital  to  analogue  oowerter  wboM  BO  output  is  a naaaur*  of 
proba  position.  > 

This  la  an  Ineranental  *yr tea  whloh  nay  ba  aaroad  with  th*  proba  at  nay  position.  In  pmotioa  th* 
proba  is  always  awl to bad  on  and  datunad  at  tha  baokstop,  either  th*  Internal  on*  or  the  external  ona  | 

shown  on  th*  bipb  tanpavatux*  atan.  , 

Oporetlcn  j 

Tha  proba  polarising  voltage  now  uaod  ia  990V  DO.  This  la  not  auffiolont  to  oauaa  any  appma.tahl* 
pap  batwuan  th*  pint*  tip  and  bled*  tips,  ha  no*  th*  proba  rub*  tti*  bled*  and  suffer*  wwar.  1 

By  oaxaful  adjustment  of  tha  refer#  uo*  voltage  in  th*  ooaprxator  th*  rub  is  vary  light,  and  a tjploal 
naar  figure  la  .OShm/alu.  Tba  setting  la  nnda  in  tha  Laboratory  by  bringing  th*  proba  up  to  a , 

xotntlnc  toothed  wheel,  it  down  not  n**d  frequent  r*-*dju*t' ant . Higher  polarising  voltige*  haw*  been 

tried,  up  to  2KV.  This  rowults  in  a apart  yap  at  lower  w,  bleat  praaaur**,  but  with  ooapreasor  pressure*  , 

up  to  Mwerol  Da,  totally  l*pi«otlnal  polarising  voltage  would  ba  required  to  still  naiataia  any  apart 
tap.  Senoa  on*  still  ha*  a rubfalnf  proba  at  th*  engine  oondltlona  of  creator  interest,  and  au  | 

ua-oalibratod  error  gap  at  lower  pressures  | ooueequentl',  it  waa  dnoldad  to  hanra  a known  rubbing 

oondltion  at  all  apoiidei  end  pranraro*.  j 

To  obtain  u raanonabl*  proba  Llf*  tb*  probe  la  not  loft  in  tha  muumrlnc  position  looter  than 
naooaaary  to  reword  a reading,  usually  about  1 to  i aooouda  la  auflioiant.  Burin*  engine  eooaleratlou* 
and  deeoleretlMie,  laager  naasuraaant  tine*  ere  of  oourao,  required,  to  obtain  tb*  tip  oloarano*  profile. 

To  take  Into  sooount  probe  tip  mar.  naaauronanta  art  and*  at  frequent  1st*  nr  ale  with  th*  engine  j 

either  stationary  tee  rotetln*  at  a low  *p*ed,  where  oondltion*  own  reasonably  b*  essuned  to  b*  stcbl*  and 
repeatable.  \ 

reiluxsa  in  ua*  bars  wound  during  devalopnant,  th*  noat  oonueo  bain*  oonduotlv*  d*  posit*  bull  tin*  up  ; 

aoroee  th*  end  of  tb*  earned*  Insulating  tub*  at  tb*  lunar  end  • Thi*  1*  partloularly  notiwahl*  in  a 
turbine  wmiroanant.  Th*  n*wl.inw  length  of  Um  achUmd  so  far  in  this  asm  is  about  9 hour*  - this  is  1 

•n*ln*  running  tin*,  not  eotual  *v  muring  tin*,  a typloal  tin*  aohiemd  bar*  la  a total  of  X nlautoa  } 

oonprlaln*  km  110  spot  Mnaur«n*at*  and  6 aoo*l*ratiou  test*  wh*u  tba  proba  waa  naasurlng  : 

oontlnuoualy  for  about  60  aoo.  oaob.  j 

Typloal  Oraphs  | 

Curve  1 ia  a plot  of  ounpraaaor  tip  olaarano*  against  tin*.  Th*  tngln*  waa  aoo al* rated  to  aaz  oondltion 
oftor  6 ninuton  at  ground  ldl*  apood. 

Curve  2 ia  a plot  of  tip  olearano*  on  a alnllar  oonproaaor  dona  by  X-ley  teohnlqo** . 

Dam  9 la  a plot  of  tip  olaarano*  on  a turbina  teat  Mg  bowing  gaa  teaparetuiwu  up  to  1600°K.  I 


Bssnuauan  wmsummst  it  hi<b  nKPwunju  mui  immi 

thin  paper  deaorlbe*  th*  oonatxuotlon  and  operation  of  a oapasitano*  diapleaenent  tronaduoar  whloh  baa 
boon  develop**  prlnarlly  to  moour*  tb*  ol**ranw  batmen  rotating  and  stationary  ooayenonto  In  a soal. 
Tha  primary  mason*  whloh  lod  to  tha  aalaotlon  of  a oapeoitaao*  teohnlqua  for  thi*  — ourerant  *ro  i~ 


Tha  transducers  is  noo-oontaotlag.  A noev-oontaoting  technique  Is  essential  a*  to*  measurement  must 
be  acdo  between  aomponsnt*  with  a rotational  speed  differential  in  tha  ordar  of  ^OOn/aao. 

Vary  low  temperature /pressure  ooaffloiant.  Aa  tha  tr«s&ioer  o on  tains  oo  soils  or  electronic 
components  and  tha  permittivity  of  air  ohanges  llttla  with  taaparatura  and  praaaura  a oapaoitanoa 
basal  system  exhibits  good  stability  throughout  tha  high  and  transient  taaparaturaa  and  prasauraa 
anoountarad  in  gaa  turbines. 

Tha  tranaduoar  la  alapla  and  Mechanically  robust.  Thaaa  ara  undanlabla  adrantagas  for  any  darloa 
required  to  oparata  rallably  In  dome  proximity  to  a gaa  turbina. 

Tha  oapaoitanoa  tranaduoar  In  lta  basis  for*  a (insists  of  two  ooneantria  alsotrodaa,  tha  lunar  ons 
balng  tha  aanaa  alaotroda  and  tha  outar  ona  tha  guard  alaotroda.  lash  ala at rods  la  inaulatad  from  tha 
othar  In  addition  to  balng  Inaulatad  froa  aarth.  Tha  oapaoitanoa  formed  batwaan  tha  Sanaa  alaotroda  and 
an  aarthad  oonduotlng  tar gat  whloh  la  plsoed  In  front  of  tha  tranaduoar  la  uaad  aa  tha  negative  faadbaok 
alaacnt  In  a high  gain  amplifier  whloh  la  driven  by  an  oscillator.  Tha  amplifier  output  la  demodulated 
and  filtered,  tha  resulting  voltage  balng  proportional  to  tha  olaaranoa  batwaan  tha  aanaa  alaotroda  and 
tha  targat  whloh  In  this  applloation  la  a rotating  aaal  ooaponant. 

Tha  guard  ayataa  serves  to  ooaplataly  aoroan  tha  baok  and  aldaa  of  tha  aanaa  alaotroda,  tha 
oonnaotlng  wlra  and  tha  alaotronle  components  froa  tha  aarthad  aurroundlnga.  Thus  tha  aaall 
oapaoitanoa  (In  ordar  of  1 picofarad)  batwaan  tha  front  of  tha  aanaa  alaotroda  tod  tha  aarthad  angina  aaal. 
whloh  la  a function  of  tha  aaparation  of  tha  two  components, is  nsawurad  la  Isolation  and  la  not  maakad  by 
tha  larga  flxsd  oapaoitanoa  to  aarth  of  tha  tranaduoar  and  oabllag. 

Tha  Initial,  ayataa  requirement  waa  to  aaaaura  a olaaranoa  of  batwaan  1 and  6m  undar  a auditions  of 
tsmpsrsturs  and  praaaura  whloh  rsrisd  froa  20  dagraaa  Cantigrada  at  lOOkPa  to  600  do  gross  Centigrade  at 
2MFa  with  an  aoouraoy  of  +1J<  full  so  ala. 

In  ordar  that  tha  tranaduoar  should  survive  in  an  snrlronaant  where  tha  tsmpcrature  a an  rsaoh  600 
dagraaa  Cantigrada  tha  insulators  uaad  haws  to  ha  aanufaoturad  froa  inorganic  Mats rials.  Tha  aanaa 
alaotroda  la  Inaulatad  froa  tha  guard  alaotroda  and  tha  guard  alaotroda  Is  inaulatad  froa  tha  aarthad 
tranaduoar  body  by  aaana  of  two  alumina  baad  insulators  of  dlffarant  di ass  bars.  Thus  tha  tranaduoar 
body  la  at  aarth  potantlal  and  a an  ba  dlraotly  attaohad  to  tha  anglaa  metalwork. 

Tha  oabla  to  tha  tranaduoar  la  subjected  to  tha  asm*  o auditions  of  taaparatura  and  praaaura  aa  tha 
tranaduoar  latalf  and  la  thus  alnarally  Inaulatad.  It  la  of  a doubla  aoraanad  scandal  aoaatruotion 
with  an  outslda  diameter  of  5am  - tha  oentre  ooodustor  oonnaotlng  to  tha  aanaa  alootrods,  tha  innar 
aoraan  oonnaotlng  to  tha  guard  alaotroda  and  tha  outar  aaraan  balng  at  aarth  potantlal.  Osa  cabling  la 
ohangad  to  a alngla  aoraanad  P.T.f Inaulatad  ooaxlal  oabla  whan  tha  laadout  rasa  has  tha  axtarlor  of 
tha  angina  whsrs  typloally  tha  tsaperature  la  laas  than  200  dagraaa  Centigrade.  This  ohanga  of  oabla 
typa  hslps  to  keep  tha  high  atanding  oapaoitanoa  of  tha  sine  rally  inaulatad  oabla  to  a mlnlaw  and  alao 
faollltakaa  handling  sj  tha  KM  oabla  la  auoh  aors  flaxlbla  than  tha  atalnlaaa  ataal  sins  rally 
Inaulatad  oabla. 

In  practice.  tha  tranaduoar  aa  described,  has  given  wary  encouraging  raaulta.  Initial  pro  hi  sms  wars 
oonlined  to  difficulty  of  lnatallatlon  whan  using  a ahaat  nioa  Insulator  In  plaoa  of  ona  of  tha  oaraulo 
Insulators.  However,  two  problems  haws  paralatsd  until  raoontly  In  ons  particularly  severe  angina 
applloation  whsrs  tha  tranaduoar  la  aubjaotad  to  an  occasional  sold  vater/fcsrosene  nlxtura  spray. 

Although  olaaranoa  racdlnga  ara  not  required  whilst  tha  tranaduoar  la  wat  tha  combination  of  watting  and 
taaparatura  oyollng  severely  taata  tha  traiuiduoar  aaallng,  any  failure  loading  to  loss  of  Insulation 
ra els tacos  batwaan  eleotrodoa  dua  to  ingrsaa  of  aoiaturo.  This  problem  has  baan  relieved  by  tha  usa  of 
tighter  tolsranoa  oarsalo  aatarlala  for  tha  insulator  and  a bsttar  quality  control  during  manufacture. 


Bl 


Tht  aoaoud  problem  arises  after  several  hour*  of  spsratiou  and  la  oaused  by  the  formation  of  a 
sonduutlra  costing  aorosa  tha  tranaduoar  eleotrodoe  whloh  again  has  tha  affect  of  lowering  tha  intar- 
alaotrod*  roalatanoas.  la  tha  water/keroeenm  Mixture  la  heated  to  a high  tamparatura  tha  kerosene  tends 
to  aarbonlip  thus  leaving  a thin  oonduotlve  laysr,  if  tar  sa  rarei  layers  have  baan  built  up  by 

alternately  wattle  and  hasting  tha  tranaduoar  the  insulation  raalsianos  a an  fall  to  a laral  whloh 
affaata  the  ayataa  electronics,  Ona  possible  eolation  being  examined  involves  covering  tha  aanaa  and 
guard  alaotrodaa  by  a thin  oermslo  iiao  thus  pravantlng  any  contamination  of  tha  tranaduoar  froa 
affecting  tha  Internals a trod*  rauistanoes. 


*>IA* 


Fig-4  Turbine  rig  test 
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★ Transducer  is  non-contacting 

★ Very  low  temperature  and 
pressure  coefficient 

k Transducer  is  simple  and 
mechanically  robust 

★ Can  be  fabricated  to  withstand 
very  high  temperatures 

Fit  ' Capacitive  system  features 


A 


Fij.6  Transducer  electrode  configuration 


Fig.  7 Capacitance  system  schematic  diagram 


Transducer  Temperature  Range:-  0-600  degrees  centigrade 

Pressure  Range:-  100-2000  kPa  (16-300  psia) 

System  Measurement  Range:-  1-ftmm 

Required  System  Accuracy;-  ± 1 % Full  Scale 

Transducer  must  be  non-contacting 

Transient  response  requirements;- 

Clearance:  G-6D0Hz  frequency  response 

Temperature:  <00°C  change  in  10  seconds  max. 

Pressure;  1600  kPe  change  In  5 seconds  max 

Fig. 8 System  design  criteria 
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Redesigned  transducer 


Inadequate  transducer  sealing  — unable  to 
cope  with  the  combination  of  repeated 
wetting  and  temperature  cycling.  Water 
absorbed  through  microscopic  voids  in  the 
ceramic  to  metal  braze  caused  by  small 
variations  in  concentricity  of  ceramic  bead. 

Build  up  of  a conductive  coating  across  the 
transducer  electrodes  caused  by  repeated 
wetting  of  the  transducer  with 
water/kerosine 

mixture  followed  by  heating  to  a high 
temperature.  This  problem  unique  to  one 
particular  research  gas  turbine. 

Fig.  1 0 Long  term  operational  problems 


12*1 1 


i 

4 

y 

/ 

\ 


i 


DISCUSSION 


D.A.Campbell,  UK 

In  the  stepping  probe  described  for  compressor  measurements,  appreciable  errors  due  to  differential  thermal 
expansion  would  be  expected.  Would  Mr  Amsbury  please  comment  on  the  possibilities  of  reducing  these  errors. 


Author’s  Reply 

Errors  due  to  temperature,  and  hence  expansion  differentials  between  the  probe  wire  and  stem  are  present.  To 
minimize  these  we  are  using  low  expansion  alloys  for  these  components,  and  are  measuring  the  temperatures 
attained  under  engine  running  conditions.  We  can  then  either  use  calculated  corrections,  or  choose  materials  to 
give  minimal  error  at  normal  running  temperatures. 


J.G.Ferguson,  UK 

What  is  the  measurement  resolution  at  a probe  clearance  of  6 mm? 

Authors’  Reply 

It  is  Important  to  differentiate  between  resolution  and  accuracy.  Although  the  system  described  has  an  absolute 
accuracy  of  ± 1%  full  scale  i.e.  0.06  mm  for  a 6 mm  range  probe  the  resolution  is  an  order  of  magnitude  greater 
than  the  accuracy.  Thus  for  a 6 mm  range  probe  the  resolution  is  0.006  mm  (0.00024  inches). 


H.L.Stocker,  US 

Have  you  correlated  the  rotor  tip  clearance  system  you  have  described  with  the  X-ray  technique  presented  earlier 
by  Stewart  & Brasnett? 


Author’s  Reply 

Slide  4 shows  a comparison  with  X-ray  results.  This  was  done  some  3 years  ago.  The  X-ray  techniques  have 
improved  considerably  since  then.  We  have  no  recent  comparative  results.  As  far  as  we  know  X-ray  measurements 
have  not  been  taken  yet  during  engine  handling  conditions  (i.e.  during  acceleration  or  deceleration  tests). 


B.Wrigley,  UK 

Could  you  expand  further  on  the  accuracy  of  the  capacitance  probe,  please,  with  respect  to  its  absolute  accuracy, 
rather  than  quoting  it  in  percentage  of  full  scale.  (Please  see  answer  to  following  question. ) 

P.Suter,  Switzerland 

1 understand  that  you  are  using  different  probes  for  the  range  of  1 to  6 mm  gap  or  clearance  width.  Could  you 
comment  on  the  absolute  accuracy  of  the  different  probe/gups. 

Author’s  Reply 

I will  deal  with  the  questions  from  Mr  Wrigley  and  Mr  Suter  together  as  they  are  closely  related. 

The  absolute  accuracy  of  our  capacitance  probes  varies  in  proportion  to  the  magnitude  of  the  full-scale  range. 

For  example,  a probe  designed  to  measure  a maximum  clearance  of  6 mm  will  typically  have  an  absolute  accuracy 
of  better  than  ±0.06  mm  in  the  range  0 to  6 mm.  For  a probe  with  a range  of  only  1 mm  the  absolute  accuracy 
will  be  better  than  ±0.01  mm.  In  both  cases  changes  in  clearance  can  be  measured  with  much  greater  certainty, 
typically  to  ±0.01  S mm  and  ±0.0025  mm  for  the  6 mm  and  1 mm  range  probes  respectively. 
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DETERMINING  AND  IMPROVING  LABYRINTH  SEAL  PERFORMANCE 
IN  CURRENT  AND  ADVANCED  HIGH  PERFORMANCE  GAS  TURBINES 

by 

Harold  L.  Stocker 
Supervisor,  Flow  Systems  Group 
Internal  Aerodynamics 
Detroit  Diesel  Allison 
Division  of  General  Motors  Corporation 
Indianapolis,  Indiana  46206 


SUMMARY 


The  leakage  rate  of  the  labyrinth  seals  incorporated  In  aurrent  and  future  advanced 
design  gas  turbines  strongly  Influences  the  performance  level  of  the  engine.  Labyrinth 
seal  design  and  analysis  technology,  however,  has  not  kept  paoe  with  the  advances 
achieved  in  the  major  components  of  the  gas  turbine.  Therefore,  reoent  investigations 
were  undertaken  to  (1)  determine  the  aerodynamic  performance  of  conventional  labyrinth 
seals  employing  abradable  and  honeyoomb  lands,  and  (2)  develop  an  advanoed  design  laby- 
rinth seal  vhlah  would  significantly  reduce  leakage. 


Abradable  and  honeyoomb  lands  were  evaluated  with  a conventional 
straight-through  seal  using  a static  two-dimensional  (rectangular 
flowpath)  seal  rig  and  a rotating  three-dimensional  seal  rig. 

Test  results  show  that  some  abradable  lands  leak  significantly 
more  than  a solid-smooth  land.  However,  honeyoomb  lands  were 
found  to  reduoe  leakage  up  to  24. X. 

Through  aerodynamlo  testing,  an  advanced  design  labyrinth 
seal  was  developed  which  reduced  leakage  54.2 X compared  to 
a conventional  straight-through  seal  and  26, 3X  compared  to 
a conventional  stepped  seal, 


FlOW  ♦ 


CONVENTIONAL 
STRAIGHT -THROUGH 
LABYRINTH  MAI 


CONVtNTIONAl  STIPP1D 
LABYRINTH  SEAL 
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Symbols  Abbrtvlatlom 


A 

2 

Area,  cm 

BPR 

Bypass  Ratio 

CL 

Radial  Clearance,  cm 

PTC 

Distance  to  Contact 

XH 

Knife  Height,  cm 

HP 

High  Pressure 

HP 

Knife  Fitch,  am 

LTSD 

Lorge-to-small  diameter 

XT 

Knife  Tip  Thiokness,  cm 

PR 

Pressure  Ratio 

K6 

Knife  Angle,  degrees 

SPC 

Speolflo  Fuel  Consumption 

P 

Pressure 

STLD 

Small-to-large -diameter 

SH 

Step  Height,  cm 

2D 

Two-dimensional 

T 

Temperature,  K 

3D 

Three-dimensional 

V 

Velocity,  m/s 

W 

Flow,  kg/s 

Subscripts 

n 

Efficiency 

D 

Downstream 

♦ 

Plow  Parameter,  W/T/PA 

S 

Static  Conditions 

T 

Total  Conditions 

U 

Upstream 
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INTRODUCTION 


The  economic  Incentives  Imposed  by  future  fuel  conservation  requirements  end  the  con- 
tinuing effort  to  Improve  performance  has  created  Increased  Interest  In  improving  the 
efflclenoy  of  current  and  future  gas  turbine  engines.  Advancements  in  technology 
toward  the  achievement  of  higher  thermal  and  propulsive  efficiencies  for  current  and 
advanced  aircraft  gas  turbines  have  been  characterized  by  significant  increases  in  the 
operating  oyole  pressure  ratio  and  turbine  Inlet  temperature.  However,  these  trends 
oause  Internal  air  seal  leakage  to  Increase  beoauss  higher  operating  temperatures  pro- 
duce greater  differential  growth  In  the  seal  components  that  frequently  results  In 
larger  seal  clearances.  The  higher  operating  cycle  pressure  ratio  also  Increases  gas 
path  and  bearing  compartment  seal  leakage,  even  If  current  clearance  levels  could  be 
maintained.  This  problem  Is  readily  seen  by  considering  the  flow  parameter  character- 
istic, $ - W/T/PA.  The  air  leakage  in  a typioal  labyrinth  seal  (e.g.,  in  front  or  the 
high  pressure  turbine  dlso)  can  be  represented  by  W ■ (PA$//r)(100./Wengine)  in  terms 
of  peroent  compressor  inlet  flow.  Increasing  the  compressor  pressure  ratio  from  15 : 1 
to  30:1  at  oonobant  engine  airflow  and  seal  clearance  would  increase  leakage  approxi- 
mately 75 .X.  A plot  of  typical  seal  leakage  versus  compressor  pressure  ratio  is  pre- 
sented In  Figure  1. 

Compensating  for  the  current  state  of  seal  technology  by  Improving  aerodynamic  compon- 
ent efflolenoles  may  result  in  limited  payoffs  relative  to  the  time,  cost,  and  manpower 
expended.  Figure  2 shows  an  example  of  the  improvement  in  compressor  and  turbine  com- 
ponent efficiencies  required  to  achieve  the  same  increase  in  engine  performance  as  a 
reduction  in  turbine  seal  leakage  of  1 OX  of  engine  airflow  for  an  advanoed  high  bypass 
ratio  gas  turbine  engine.  For  example,  reducing  the  high  pressure  turbine  seal  leakage 
1.0X  of  engine  airflow  would  produoe  the  same  Improvement  as  a turbine  efficiency 
Increase  of  0.51X.  The  resulto  presented  in  Figure  2 show  that  a reduction  In  high 
pressure  turbine  seal  leakage  of  1,0?  would  improve  engine  specific  fuel  oonsumptlon 

o,4X. 

Perhaps  a more  meaningful  presentation  of  the  benefits  of  reduced  seal  leakage  are 
shown  In  Figure  3.  This  figure  shows  the  approximate  total  U.S.  fuel  savings  would 
be  429,638,600  gallons  annually  if  typioal  gas  turbine  seal  leakago  was  reduced  25X 
throughout  the  engine  for  all  ourrent  gas  turbines. 

An  approaoh  frequently  uaed  to  reduce  labyrinth  seal  leakage  and  meohanlcal  damage 
has  been  to  incorporate  abradable  or  honeycomb  lands  and  reduce  the  operating  clearance. 
Reoent  investigations  reported  herein  show  that  positivs  results  may  not  always  be 
aohleved.  In  addition,  to  fully  utilize  the  potential  of  increased  oyole  pressure 
ratio  and  temperature  to  provide  higher  thermal  and  propulsive  efficiencies,  sealing 
efficiency  must  be  increased  above  present  levels.  Therefore,  the  purpose  of  this 
paper  is  to  present  the  effeots  on  the  leakage  of  a conventional  straight-through 
labyrinth  seal  using  abradable  and  honoyoomb  lands  and  to  disouss  advanoed  labyrinth 
seal  design  concepts  that  significantly  reduce  leakage.  Increased  internal  cavity 
turbulence  was  used  to  achieve  reduced  leakage  In  the  advanoed  seal  design  without 
significantly  affecting  the  moohanioal  integrity  of  the  seal. 

The  results  presented  in  this  paper  represent  the  cumulative  efforts  of  several  pro- 
grams. These  programs  involved  an  aerodynamic  evaluation  of  conventional  straight- 
through  labyrinth  soala  using  solid-smooth,  abradable,  and  honeyoomb  lands  in  a two- 
dlmenulonal  (2D)  seal  rig. with  additional  tests  of  seleoted  configurations  conducted 
in  a rotating  (3D)  seal  rig.  The  investigations  carried  out  on  the  advanoed  design 
labyrinth  seals  included  water  tunnel  studies,  2D  air  rig  tests,  and  dynamio  air  rig 
tests,  The  water  tunnel  provided  an  economical  visual  method  of  screening  design 
concepts,  while  the  two-dimensional  air  rig  provided  an  economical  and  rapid  means  of 
evaluating  the  various  seal  geometrio  parameters.  The  performance  of  specific  seal 
configurations  under  static  and  dynamio  conditions  was  obtained  in  the  three-dimensional 
air  rig. 

The  seal  nomenclature  used  throughout  this  paper  1b  presented  in  Figure  4, 


TEST  RIOS  AND  PROCEDURES 

Three  labyrinth  seal  test  rigs  were  uaed  to  obtain  the  experimental  results  presented  in 
this  paper: 

(1)  a water  tunnel  flow  visualization  seal  rig 

(2)  a two-dimensional  (2D)  static  air  seal  rig 

(3)  a three-dimensional  (3D)  or  annular,  rotating  air  seal  rig 


Water  Tunnel  Seal  R1k 

The  water  tunnel  flow  visualisation  seal  rig,  shown  in  Figure  *>,  was  used  for  the  pre- 
liminary evaluation  of  the  advanoed  labyrinth  seal  candidate  designs.  This  rig  was 
designed  to  test  ten-times  else  clear  plastic  models  of  labyrinth  seals.  The  candidate 
test  seal  configurations  ware  formed  using  a building  block  ooncept  with  adjustable 
seal  hardware.  Thus,  multiple  use  of  components  was  achieved.  This  concept  provided 
greater  flexibility  In  making  dimensional  changes  In  seal  pitch,  clearance,  and  step 
height  as  well  as  complete  changes  in  seal  configuration.  The  seal  block  pieces  were 
Individually  adjustable  via  slots  machined  in  the  seal  components. 

Water  flow  was  measured  with  a Potter  turbine-type  flowmeter.  The  seel  inlet  and  exit 
plenum  pressures  were  also  measured.  Air  bubbles  were  Introduced  into  the  water  supply 
for  flow  visualisation.  A plans  of  light  was  oast  through  the  rig  to  illuminate  the 
turbulent  regions  for  observation  arid  photographing.  The  seal  configurations  were 
tested  at  pressure  differentials  of  7.5,  13.7,  and  19,9  kPa  with  clearances  of  0.127, 
0.254,  and  0.508  cm. 

Two-Dimensional  Seal  Rig 

A sketch  of  the  two-dimensional  (2D)  static  air  seal  test  rig  Is  presented  in  Figure  6. 
This  rig  was  used  to  Investigate  the  aerodynamic  affeots  of  abradable  and  honeycomb 
land*  on  conventional  atraight-through  aeal  leakage.  The  Influence  of  geometric  varia- 
tions on  the  performance  of  an  advanced  seal  dealgn  was  also  evaluated  and  optimised  In 
the  2D  rig. 

The  2D  rig  seal  hardware  was  designed  on  a building  block  ooncept  whloh  utilises  Indi- 
vidually adjustable  seal  components.  Adjustable  knife  and  land  sections  permit  con- 
tinuous variations  In  the  primary  gsomstrlo  variables,  1.*.,  knife  pitch,  knife  height, 
land  atep  height,  number  of  knives,  axial  olearanaa,  and  raulal  clearance.  Figure  7 
showa  a photograph  of  the  2D  rig  with  a stepped  aeal  Installed.  The  width  of  the  teat 
aeotlon  la  16.0  am. 

Structural  defisotlon  of  the  rig  sidewalls  under  high  air  pressure  loading  was  consid- 
ered In  determining  the  actual  olaaranoe  testad.  A miorometer  dial  gauge  with  .00005  cm 
readability,  shown  In  Figure  8,  was  mounted  on  the  rig  top  plate  to  monitor  the  relative 
movement  of  the  seal  knlfa  with  respeot  to  the  land. 

The  building  block  oonoept  for  the  aeal  hardwara  tasted  In  the  water  tunnel  rig  and  the 
2D  rig  proved  to  be  an  aconomlcal  and  expedient  means  of  screening  candidate  seal  de- 
sign concepts  and  daveloping  optimum  performance  geometry  for  a given  dealgn. 

Three-Dlmenalonal  Seal  Test  Rig 


A oroei-seotlonal  sketch  of  the  three-dimensional  (3D)  air  aeal  test  rig  Is  shown  In 
Figure  9.  The  rig  oan  test  a maximum  seal  diameter  of  15.3  cm  at  a maximum  seal  knife 
tip  speed  of  239  m/s.  Static  and  dynamio  seal  leakage  performance  was  measured  with 
this  rig. 

Description  of  Instrumentation 


Similar  pressure  and  temperature  Instrumentation  was  used  to  determine  seal  leakage  In 
both  the  2D  atatlo  rig  and  the  3D  dynamic  rig.  The  Instrumentation  locations  for  the 
2D  and  3D  rigs  are  ahown  In  Figures  6 and  9,  respectively,  A standard  ASME  square  edge 
orifice  with  pipe  taps  was  used  to  measure  the  seal  leakage  flow,  The  inlet  pressure 
and  temperature  and  the  exit  pressure  at  the  orifice  were  obtained  to  determine  flew. 

The  data  acquired  for  each  seal  teat  also  included  seal  inlet  pressure  (Pp)  and  temper- 
ature (To)  and  exit  pressure  (Pp) . 

Test  Oondltlona 

The  2D  and  3D  rigs  were  operated  with  ambient  Inlet  air  temperatures  (approximately 
22°C) , Rig  discharge  pressure  was  essentially  amblsnt  f'9.5  kPa).  Rig  inlet  pressures 
were  varied  up  to  a maximum  of  8 atmospheres.  Typioally  L5  seal  pressure  ratio  values 
ware  recorded  for  eaoh  configuration  tested.  The  3D  rly;  tests  were  conducted  statically 
and  at  rotational  speeds  giving  80  m/s,  159  m/s,  and  239  Vs  knlfa  tip  velocities. 
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Seal  clearances  in  the  water  tunnel  and  2D  air  rig  were  aet  by  feeler  gauge.  The  2D 
rig  build-up  clearances  were  corrected  for  the  measured  rig  deflection  to  determine 
the  seal  leakage  area.  For  the  3D  air  rig  each  knife  on  the  seal  rotor  and  each  land 
on  the  stator  were  dimensionally  inspected  In  the  free-state.  A feeler  gauge  was  also 
used  to  check  the  end  knife  radial  clearance  after  the  hardware  was  assembled  in  the 
rig.  The  data  reduction  program  calculates  the  rotor  growth  baaed  on  the  dynamic 
conditions  to  determine  the  actual  seal  clearance. 


Data  Reduction  and  Calculation  Methods 


The  measured  pressures,  temperatures,  and  seal  leakage  flow  were  used  to  oaloulate  the 
air  flow  parameter  characteristic, 


* » W/Tu, 

p"u  A 

as  a function  of  the  seal  pressure  ratio,  Pu/Pq,  All  the  seal  performance  ourvea  pre- 
sented In  this  paper  will  be  in  the  $ versus  f°™«  Typically,  seal  performance 

comparison*  will  be  based  on  the  $ values  at  Pu/Pc  of  2.0  for  oonvenlenoe. 


2D  Rig  to  3D  Rig  Seal  Performance  Correlation 


Comparison  of  the  performance  characteristics  for  similar  seal  configurations  tested  in 
the  2D  and  3D  rigs  generally  show  good  agreement.  Figures  10  and  11  show  the  correla- 
tion between  the  two  rigs  obtained  for  a four  knife  straight-through  seal  with  a solid- 
smooth  land  and  a honeycomb  land,  respectively.  The  2D  rig  seal  performance  at  2.0 
pressure  ratio  only  differs  from  that  in  the  3D  ($2D  “ $3D"$3D»  by  -1.9*  for  the  solid- 
smooth  land  and  -f X. 93f  for  the  honeyoomb  land.  Therefore,  the  2D  rig,  exoept  for  the 
possible  effeots  of  rotational  speed,  provides  reliable  design  data. 


RESULTS  AND  DISCUSSION 


This  seotion  is  organised  into  (1)  tsst  results  for  a conventional  straight-through 
labyrinth  seal  using  solid-smooth,  abradable,  and  honsyoomb  lands,  and  (2)  test  results 
for  advanced  design  labyrinth  seals.  The  tosting  of  the  conventional  seals  was  primarily 
oonduoted  in  the  2D  seal  rig.  Selected  configurations  were  tested  in  the  3D  seal  rig 
to  determine  the  effeots  of  knifs  rotation  on  seal  leakage.  The  advanced  design  laby- 
rinth seals  wars  initially  evaluated  In  the  water  tunnel  rig.  Seleoted  designs  were 
fabricated  for  dynamio  tests  in  the  3D  seal  rig.  One  design  was  developed  further  in 
the  2D  seal  rig  to  optimise  the  seal  geometry.  The  optimized  design  was  then  tested  in 
the  3D  seal  rig  to  determine  the  effeotc  of  rotation. 


Qenventlonal  Labyrinth  Seal  Results 


The  conventional  straight-through  seal  configuration  shown  in  Figure  12  was  used  to 
evaluate  four  abradable  and  three  honeycomb  lands  in  the  2.D  rig.  A photograph  of  the 
seal  lands,  including  the  solid-smooth  baseline,  is  shown  In  Figure  13.  The  four 
abradable  lands  tested  included  two  non-porous  materials  (niokel-graphits  and  aluminum- 
polyester)  with  material  thicknesses  or  .076  cm,  and  two  commercially  available  porous 
abradable  materials  designated  abradable  "A"  and  abradable  "BM,  with  material  thiok- 
neseea  of  .229  cm.  The  oell  sizes  evaluated  with  the  honeyoomb  land*  were  .079,  .160, 
and  .318  cm.  The  cell  depth  was  .381  cm. 

The  flow  parameter  characteristics  derived  from  the  2D  rig  aerodynamic  test  data 
(Reference  1)  are  presented  in  Figure  14  for  the  seals  with  abradable  lands  which  were 
teeted  at  .013  cm  clearance.  The  solid-smooth  land  characteristic  has  also  besn  in- 
cluded in  Figure  14  as  a basallne  Tor  comparison.  It  is  svident  from  Figure  14  that 
the  two  porous  abradable  lands  leak  substantially  more  than  the  solid-smooth  land. 
Similar  tests  wert  also  oonduoted  at  .025  cm  and  .051  cm  olearanoea.  The  ssal  perfor- 
mance with  the  abradable  lands  at  a 2.0  pressure  ratio  is  compared  in  Table  I to  that 
of  the  eolid-amooth  land  for  the  three  olearanoes  tested.  The  performance  comparisons 
summarized  in  Table  I are  also  presented  graphically  in  Figure  15.  The  abradable  seal 
land  results  show  that  the  porous  land  materials,  abradable  "A11  and  abradable  rtBM, 
produced  27.4 * and  60,3)1  leakage  lnurease,  respectively,  as  compared  to  the  solid- 
smooth  land  at  .013  cm  clearance.  At  ,051  om  clearance  the  leakage  inoreaee  amounted 
to  9.9*  and  12.6*  for  abradable  MA"  and  abradable  "B",  respectively.  The  apparent 
leakage  through  the  porous  abradable  lands  diminishes  as  a percentage  of  the  total  flow 
as  olsoranos  is  increased. 
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Another  interesting  result  from  the  abradable  land  tests  oan  be  noted  from  the  nickel- 
graphite  land  performance  at  .013  cm  and  .025  om  clearance.  At  these  clearances  the 
nickel-graphite  land  demonstrated  lower  leakages  by  3.62  and  7.82,  respectively,  than 
the  solid-smooth  land.  The  surface  finish  of  the  nickel-graphite  land  was  rougher 
(880. p cm)  than  the  solid-emooth  land  (76. p om).  The  smoother  aluminum-polyester 
land,  surface  roughness  of  165.  u om,  however,  did  not  experience  a performance  level 
different  than  the  solid-smooth  land  at  .013  cm  and  .025  cm  clearance. 

The  honey comb  land  seal  performance  measured  in  the  2D  seal  rig  (Reference  l)  is 
presented  in  Figure  16  for  .051  cm  clearance.  These  results  show  that  the  honeycomb 
lands  substantially  reduoed  leakage  compared  to  the  solid-smooth  baseline  land.  The 
honeycomb  lands  were  also  evaluated  at  .013  cm  and  .025  cm  clearance.  A summary  of 
the  leakage  performance  for  the  honeycomb  lands  compared  to  the  solid-smooth  land  at 
2.0  pressure  ratio  is  presented  in  Table  II  for  the  three  clearances  evaluated.  Figure 
17  graphically  displays  the  results  sumnarlzed  in  Table  II.  The  honeycomb  land  results 
presented  in  Figure  17  show  that  honeyoomb  cell  size  oan  have  a strong  influence  on 
seal  leakage.  At  a small  clearance  (.013  cm)  the  large  cell  (.318  om;  honeycomb  leakage 
was  96. 2%  higher  than  a solid-smooth  land,  but  the  leakage  decreased  as  clearance  in- 
creased until  it  beoame  18.42  lower  at  the  largest  clearance  (.051  cm)  tested.  The 
small  cell  (.079  cm)  honeycomb  land  reduced  leakage,  oompared  to  the  solid-smooth  land, 
4.92  at  .013  cm  clearance  and  12. 62  at  ,051  om  clearance.  The  intermediate  oell  sice 
(.160  om)  honeyoomb  land  shows  a 24.42  leakage  lnorcape  at  .013  cm  clearance,  but  a 
21. 12  leakage  reduction  at  .051  cm  clearance.  Generally,  it  appears  that  honeyoomb 
lands  are  effective  for  reducing  leakage  at  large  clearances,  but  should  be  selected 
with  oare  for  small  clearance  applications. 

Abradable  "A"  material  and  .160  om  oell  honeyoomb  lands  were  fabricated  for  testing 
in  the  3D  dynamic  air  seal  test  rig  to  determine  the  effect  of  seal  knife  rotation  on 
leakage.  A solid-smooth  land  was  also  tested  to  provide  a baseline.  A conventional 
four  knife  straight-through  seal  geometrically  similar  to  the  2D  rig  seal  (shown  In 
Figure  12)  was  used  in  this  evaluation.  The  aerodynamic  leakage  tests  were  accomplished 
statloally  and  at  three  rotational  veloolty  levels  whioh  resulted  in  knife  tip  speeds 
of  00  m/s,  159  m/s,  and  239  m/s.  The  tosts  were  conducted  at  .025  cm  and  .051  cm  radial 
clearances.  The  reduction  in  clearance  due  to  rotation  was  small  (.002  cm  at  maximum 
speed),  but  It  was  Included  in  the  calculation  of  the  loakage  area. 

The  3D  rig  static  and  dynamic  test  results  for  the  solid-smooth  baseline  land  (Keferenoe 
1)  are  presented  in  Figures  18  and  19  for  .025  am  and  ,051  om  clearances,  respectively. 
Similarly,  the  abradable  and  honeyoomb  lando  performance  (Reference  1)  Is  presented  In 
Figures  20,  21,  22,  and  23.  Figures  18  through  21  show  that  the  solid-emooth  land  teal 
and  the  abradable  land  seal  experienced  a reduction  in  leakage  with  increasing  knife 
rotational  velocity.  However,  In  Figures  22  and  23  the  honeycomb  land  showed  a mixed, 
but  small  effeot  due  to  knife  rotation.  Table  III  summarizes  the  dynamic  test  results 
and  shows  that  ths  solid-smooth  land  sxperienced  an  8.91  reduction  in  leakage  at  .025  cm 
olearanae  and  6.7*  reduction  for  .051  cm  clearance  between  static  and  the  maximum  knife 
tip  veloolty  tested  of  239  m/s.  The  air  leakage  past  the  abradable  land  shows  a reduc- 
tion of  9,92  and  10. 32  from  static  to  maximum  dynamio  conditions  for  .025  om  and  .051 
cm  clearances,  respectively . Table  III  also  shows  that  the  honeyoomb  land  leakage  at 
,025  om  olearanoe  was  increased  2.42  at  239  m/s  but  was  reduoed  2.62  at  the  .051  cm 
clearance  oompared  with  the  static  performance. 

The  3D  rig  straight  seal  static  and  dynamic  performance  with  abradable  and  honeyoomb 
landa  la  compared  to  that  with  the  baseline,  solid-smooth  land  In  Table  IV  at  a 2.0 
seal  pressure  ratio.  Ths  3D  rig  maximum  rotational  veloolty  results  show  that  the 
abradable  land  leakage  le  2.22  higher  than  the  Bdld-smooth  land  at  .025  om  radial 
olearanoe,  and  4.92  less  than  the  solid-smooth  land  at  ,051  om  olearanoe.  The  3D  rig 
static  results  show  the  abradable  land  leakage  3.42  higher  than  the  solid-smooth  land 
at  .025  em  clsaranoe  and  1.12  lowsr  at  .051  cm  clearenos.  By  oompuriaon,  ths  2D  rig 
results  showed  the  abradable  land  leakage  to  be  9.82  and  9.92  higher  than  the  solid- 
smooth  land  at  .025  cm  and  .051  om  clsaranos,  respectively . The  difference  in  the 
abradable  land  leakage  between  the  2D  rig  and  the  static  3D  rig  results  Is  attributed 
to  tha  difference  In  porosity  leakage  and  surface  finish,  Additional  testing  will  be 
required  to  identify  these  individual  effects  on  abradable  land  leakage. 

Table  IV  showa  that  the  honeycomb  land  leakage  In  the  3D  rig  was  4.92  lees  statically 
than  the  aolld-smooth  land,  but  6.92  greater  at  239  m/s  for  .025  cm  olearanoe.  The 
honeycomb  land  leakage  at  .051  cm  olearanoe  was  27.42  lower  than  the  solid-smooth  land 
atatloally  and  24.22  leas  at  239  m/a.  Therefore,  the  use  of  .160  om  cell  honeycomb 
land*  above  .025  cm  olearanoe  provides  a substantial  reduction  In  leakage  of  conven- 
tional straight-through  seals. 


Advanced  Design  Labyrinth  Seal  Roaults 


The  approach  used  In  this  investigation  to  reduce  labyrinth  seal  leakage  was  to  improve 
sealing  effectiveness  through  the  use  of  unique  geometry  configurations  designed  to  in- 
crease the  internal  seal  cavity  turbulence.  Several  candidate  configuration  conoepta 
are  shown  in  Figure  24  (Referonoes  2 and  3). 

Numerous  geometric  parameters  influence  the  level  of  internal  seal  oavity  turbulence. 
Hie  effects  of  some  geometric  parameters  can  be  calculated  analytically,  but  the 
Interactions  of  the  numerous  geometric  parameters  involved  in  a labyrinth  seal  design 
are  complex  and  do  not  lend  themselves  to  current  analytical  methods.  Therefore,  a 
water  tunnel  flow  visualization  rig,  with  adjustable  seal  geometry  components,  was 
used  for  the  preliminary  evaluation  of  the  turbulence  generated  by  the  candidate  seal 
designs.  A typical  water  rig  photograph  of  an  advanced  seal  oonoept  is  shown  in  Figure 
25.  Arrows  have  been  added  to  lndioate  the  observed  flow  direction.  The  seal  pitch, 
knife  angle,  and  step  height  were  varied  to  obtain  an  optimum  mix  of  geometry.  The 
water  rig  proved  to  be  an  Invaluable  tool  for  screening  seal  designs  since  the  evalua- 
tion of  numerous  design  features  of  the  candidate  seal  could  be  made  rapidly  and 
eoonomioally  with  the  same  hardwaro. 

Baaed  on  the  results  of  the  water  rig  tests,  several  candidate  designs  and  derlvltlve 
designs  were  fabricated  and  tested  statically  and  dynamically  in  the  15.3  cm  diameter 
air  seal  rig  (shown  in  Figure  9.)  The  static  results  at  .025  cm  clearance  for  Designs 
1,  3,  4,  and  5,  and  a baseline  conventional  step  seal  are  given  in  Figure  26.  A 
performance  comparison  of  the  advanced  seal  configurations  with  the  baseline  aeal  is 
alao  presented  in  Table  V at  a 2.0  pressure  ratio.  This  table  shows  that  the  advanoed 
designs  achieved  a 12.8#  to  14.0#  reduction  in  static  leakage,  compared  to  the  baseline 
seal.  The  dynamic  test  results  at  the  maximum  test  velocity  of  239  m/s  show  little 
additional  effeot  on  leakage.  Table  V also  shows  that  the  conventional  step  seal  ex- 
perienced a 0.8#  lnorease  In  leakage,  while  the  advanced  designs  ranged  between  a 3.2# 
inoreaae  to  a 1.4#  decrease  in  leakage.  The  net  dynamic  results  for  the  advanced 
designs,  therefore,  showed  a leakage  reduction  range  from  10.7#  to  15.9#. 

Additional  development  work  (Reference  1)  was  accomplished  on  the  advanced  aval  Designs 
4 and  5 shown  in  Figure  24.  Variable  geometry  components  similar  to  the  water  tunnel 
rig  hardware  were  used  in  the  2D  rig  (Figure  6)  to  optimize  the  performance  of  these 
seal  designs.  The  parameters  investigated  included  knife  pitoh,  knife  height,  step 
height,  land  notoh,  and  knife  angle.  The  Design  4 optimized  configuration  is  shown  in 
Figure  27.  Design  5,  shown  in  Figure  26,  uses  the  same  optimized  dimensions  as  Dsslgn 
4,  but  with  the  seal  knives  canted  in  the  opposite  direction.  Design  4 is  intended  for 
leakage  flow  in  the  large-diameter-to-small  diameter  dlreotlon.  Design  5 is  applicable 
for  leakage  flow  in  the  small-to-large-dlameter  dlreotlon.  The  static  and  dynamlo 
performance  characteristics  for  the  optimized  advanced  seal  derived  from  the  3D  rig 
teats  are  presented  in  Figures  29  and  30  for  Designs  4 and  5,  respectively.  A perfor- 
mance ourv#  for  a similar,  conventional  stepped  seal  has  been  included  on  these  figures 
for  comparison  purposes,  A single  curve  for  the  baseline  seal  has  been  used  for 
simplicity  slnos  rotational  affects  were  found  to  bs  less  than  3«#  of  the  static 
performance  (Reference  3).  The  performance  curves  of  Figures  29  and  30  apply  to  a 
.051  cm  olearanoe. 

Table  VI  summarizes  and  compares  the  performance  of  the  optimized  advanoed  seals  to  the 
baseline  stepped  aeal.  The  optimized  Design  4 seal  reduces  leakage  16.4#  dynamically 
compared  to  the  baeellne  seal.  Design  5 reduced  leakage  26.9#  dynamically.  These 
results  show  that  substantial  performance  gains  oan  be  achieved  with  Improved  internal 
cavity  turbulenoe. 

Table  VI  also  shows  that  the  effeots  on  leakage  of  seal  kr.ife  rotation  for  the  conven- 
tional stepped  seal  and  the  optimized  Design  4 seal  were  quite  small  (-2.9#  and  -2.2#, 
respectively) . The  Design  5 seal  showed  slightly  more  sensitivity  to  rotation  with  a 
5.9#  reduction  in  leakage  at  the  maximum  test  velooity  of  239  m/s. 


CONCLUSIONS 


Advanotd  design  labyrinth  seals  incorporating  geomstrio  features  to  Increase  seal 
oavity  turbulenoe  substantially  reduos  leakage.  Optimized  geometry  for  an  advanoed 
seal  design  with  high  internal  oavity  turbulenoe  was  developed  that  reduced  leakage 
26.9#  compared  to  a conventional  stepped  seal. 

Conventional  straight-through  labyrinth  seal*  with  honeycomb  lands  reduoed  leakage  up 
to  24.2#  at  .051  om  olearanoe  ootnpared  to  a solid-smooth  land.  Howevsr,  as  clearance 
decreased  to  .013  om,  the  honeycomb  lands  were  found  to  lnorease  leakage  above  a solid- 
■mooth  land. 


Surface  roughness  effects  of  the  non-porous  abradable  lands  contributed  toward  reducing 
leakage  up  to  7.8 2 at  .025  om  clearance  for  conventional  straight-through  seals.  Addi- 
tional atudie3  are  requlrod  to  Investigate  this  effect  and  to  provide  design  guidelines 
and  analytical  methods. 

Conventional  straight-through  seals  leak  substantially  more  with  porous-abradable  lands 
than  with  solid-smooth  lands,  as  expeoted.  The  porous-abradable  lands  tested  showed  an 
inorease  In  leakage  over  a solid-smooth  land  of  60,32  at  .013  cm  clearance  and  12.6 2 at 
.051  cm  clearance. 

Seal  knife  rotational  velocity  had  mixed  effsots  on  seal  performance.  Leakage  for  a 
conventional  straight-through  seal  using  a solid-smooth  or  an  abradable  land  was  re- 
duced up  to  10. 1 at  239  m/s  knife  tip  velocity.  However,  the  honeycomb  land  only  ex- 
perienced a +2.52  leakage  ohange,  depending  on  clearance.  The  advanoed  design  seal 
experienced  a maximum  leakage  reduction  of  5.92  at  239  m/e  compared  to  the  static 
results.  A oomparabls  stepped  seal  experienced  a 2.92  leakage  reduction  at  239  m/s 
knife  4^p  velocity. 
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FIGURE  IP.  PERFORMANCE  COMPARISON  FOR  2D  RIG 
AT  STATIC  CONDITIONS 
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FIGURE  13.  2D  TEST  RIG  STRAIGHT  SEAL  LANDS 
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FIGURE  14.  2D  RIG  FOUR  KNIFE  STRAIGHT  SEAL  WITH  SMOOTH  AND  ABRADABLE  LANDS 
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TABU  I COMPARISON  Of  SMOOTH  AND  ABRADABLE  LAND 
PERFORMANCE  AT  2.0  PRESSURE  RATIO 
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FIGURE  16.  20  RIG  FOUR  KNIFE  STRAIGHT  SEAL  WITH  SMOOTH  AND  HONEYCOMB  LANDS 
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TABII  1 1 COMPARISON  Of  SMOOTH  AND  HONEYCOMB  LAND 
PERFORMANCE  AT  2.0  PRESSURE  RATIO 
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FIGURE  IT.  COMPARI  SON  OF  HONEYCOMB  LANDS 
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FIGURE  22.  FOUR  KNIFE  STRAIGHT  SEAL  - HONEYCOMB  LAND 
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FIGURE  FOUR  KNIFE  STRAIGHT  SEAL  - HONEYCOMB  LAND 
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TABU  III  EFFECT  OF  ROTATION  ON  THE  PERFORMANCE  OTA  TOUR  KNIFE  STRAIGHT 
SEAL  AT  Pu/Pt)  • 2.0  WITH  SMOOTH,  ABRADABLE,  AND  HONEYCOMB  LANDS 
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TABU  IV  COMPARISON  Of  ABRADABLE  AND  HONEYCOMB  SEAL  LAND  PERFORMANCE 
WITH  SOLI D UNO  AT  2.0  PRESSURE  RATIO 


FIGURE  2*.  SKETCHES  Of  ADVANCES  LABYRINTH  SEAL 
CONFIGURATIONS 
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TABLE  V SUMMARY  Of  STATIC  AND  DYNAMIC  PERFORMANCE  OF  ADVANCED  DESIGN  LABYRINTH 
SEALS  COMPARED  TO  CONVENTIONAL  STEP  SEAL  AT  A 2.0  PRESSURE  RATIO 
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FIGURE  <7.  OPTIMIZED  ADVANCED  SEAL  CONFIGURATION 
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TABU  VI  SUMMARY  Of  OPTIMIZED  ADVANCED  DESIGN  LABYRINTH 
SEAL  PERFORMANCE  AT  A 2.0  PRESSURE  RATIO 


DISCUSSION 


A-Moore,  UK 

The  advanced  design  described  in  your  lecture  uses  airflows  entering  the  seal  at  the  smaller  diameter  and  shows  a 
significant  improvement  with  rotational  speed.  If  the  airflow  enters  the  seal  at  a larger  diameter,  i.e.  if  the  airflow 
is  reversed,  is  the  effect  of  rotation  increased? 

Author’s  Reply 

The  optimized  advanced  seal  design  was  developed  initially  for  flow  in  the  “large-to-small-diameter”  direction  as 
shown  in  Figure  27,  Canting  the  knives  into  the  flow  was  found  to  be  beneficial.  However,  application  require- 
ments exist  that  require  sealing  in  the  opposite  flow  direction.  To  address  this  application,  the  advanced  seal 
knives  of  Figure  27  were  canted  the  same  amount  in  the  opposite  direction  as  shown  in  Figure  28.  The  rotation 
effects  were  slightly  different  for  the  two  configurations.  Using  the  small-to-large-diameter  seal  design  for  flow 
in  the  opposite  direction  has  not  been  tested  either  statically  or  dynamically,  but  I would  expect  the  static  leakage 
to  be  higher  when  compared  to  the  leakage  flowing  in  the  designed  direction.  If  the  effects  of  rotation  were 
greater  for  reverse  leakage  in  the  small-to-large-diameter  seal  design,  it  would  have  to  offset  any  increase  in  static 
leakage  to  yield  a net  gain  in  sealing  efficiency.  My  experience  has  shown  that  rotation  has  a small  effect  on  the 
static  leakage  performance  of  labyrinth  seals. 


A. Moore,  UK 

Do  you  got  the  same  benefits,  or  other  benefits  (more  or  less)  with  rotation  when  the  flow  is  directed  from  a large 
diameter  to  a small  diameter? 

Author’s  Reply 

The  advanced  seal  configuration  shown  in  Figures  27  and  28  were  designed  for  leakage  flow  In  a specific  direction. 
These  configurations  were  subsequently  not  tested  statically  or  dynamically  for  a leakage  flow  direction  opposite  to 
the  design  direction. 

However,  the  measured  effects  of  rotation  on  leakage  for  the  two  advanced  seal  designs  shows  that  the  small-to-large- 
diameter  configuration,  shown  in  Figure  28,  experienced  a slightly  higher  reduction  in  leakage  with  rotation,  5.9%, 
than  the  large-to-small-diameter  design,  shown  in  Figure  27,  which  had  a 2.2%  reduction  in  leakage  with  rotation. 


C.A.Halb,  UK 

Would  you  please  comment  on  the  accuracy  and  repeatability  of  your  results,  particularly  on  the  rotating  rig, 
bearing  in  mind  that  a small  change  in  clearance  of  say  0.0025  cm  can  produce  u 10%  change  in  the  flow  of  a seal 
of  0.025  cm  gap. 

How  sure  are  you  that  the  changes  in  flow  which  you  measure  are  due  to  the  configuration  and  do  not  come  from 
a gap  change  which  has  crept  in  unnoticed. 


I i-ll 


Author’s  Reply 

The  dynamic  rig  test  seals  that  we  use  are  approximately  15.2  cm  (6.0  in.)  in  diameter.  Ambient  temperature  air 
is  used  for  all  testing  thus  eliminating  the  thermal  growth  effects.  Several  approaches  have  been  used  to  determine 
seal  clearance  at  the  rotational  test  speeds.  To  begin,  the  seal  rotor  and  land  diameter  are  measured  at  four 
circumferential  locations  to  obtain  the  average  static  condition  clearance.  The  rotor  and  land  are  also  measured 
to  determine  that  the  maximum  and  minimum  diameters  are  within  print  tolerances.  The  assembled  seal 
configuration  in  the  rig  is  checked  for  radial  clearance  using  a feeler  gauge  at  four  circumferential  locations. 

The  running  clearance  is  determined  by  applying  the  calculated  radial  growth  of  the  rotor  to  the  measured 
clearances.  A check  of  the  calculated  radial  growth  was  made  by  using  plastic  rub  strips  and  measuring  the  depth 
of  the  knife  groove  after  running  at  various  speed  levels. 

It  should  be  noted  that  the  same  straight-through  seal  rotor  is  used  to  evaluate  the  smooth,  abradable,  and 
honeycomb  lands.  The  same  radial  growth  increment  is  applied,  at  a given  speed,  for  each  land  tested.  Therefore, 
the  test  results  were  all  obtained  with  the  same  radial  clearance  change  and  the  static  to  dynamic  percent  change 
is  consistent  with  each  configuration.  The  sensitivity  of  seal  leakage  to  clearance  is  acknowledged  and  I feel  that 
the  attention  we  have  given  to  this  influencing  parameter  has  been  adequate  and  accurate. 

P.Mahler,  US 

(a)  Have  you  any  conclusions  as  to  the  sensitivity  of  leakage,  in  the  advanced  seal,  to  the  axial  gap  between  the 
land  extension  and  the  canted  knife  edge? 

(b)  Have  you  any  data  on  the  rub  tolerance  of  the  advanced  seal  in  conjunction  with  the  various  land  types  with 
respect  to  either  mechanical  condition  or  leakage  after  rub? 

Author's  Reply 

(a)  The  advanced  seal  lias  been  tested  for  various  axial  gaps  between  the  land  extension  and  the  canted  knife  edge. 
As  expected,  the  performance  of  the  advance  seal  docs  change  with  variation  in  the  knife  to  lund  axial  gap, 
However,  a similar  set  of  information  has  not  been  generated  for  the  conventional  step  seal.  Therefore,  a 
comparison  of  the  performance  of  the  advanced  seal  design  and  the  conventional  step  seal  at  various  axial 
gaps  has  not  been  made.  The  results  1 have  presented  comparing  the  advanced  seal  to  the  conventional  step 
seal  have  been  obtained  at  the  same  axial  gap. 

(b)  I do  not  have  any  data  regarding  the  rub  tolerance  of  the  advanced  seat  design.  The  use  of  striated,  abradable, 
and  honeycomb  lands  with  the  advanced  seal  is  being  investigated.  These  lands  provide  rub  tolerance  for 
conventional  labyrinth  seals  and  may  be  useful  for  the  advanced  seal. 


B.H. Becker,  Germany 

In  turbomachinery  there  is  generally  u very  limited  axial  space.  Comparing  the  pitch  values  of  the  optimized  step 
seal  with  the  straight-through  seal  shows  nearly  a factor  of  three  for  the  same  clearance.  The  fact  that  the  straight- 
through  seal  may  have  a much  higher  number  of  knives  for  a given  axial  length  therefore  should  be  taken  into 
account  when  comparing  the  leakage  flows. 

Author's  Reply 

The  advanced  seal  design  is  primarily  directed  to  the  same  application  area  as  the  conventional  step  seal.  This 
application  area  is  high  radial  clearances.  Granted,  more  knives  can  be  gotten  into  a given  axial  distance  using  u 
straight-through  seal  as  compared  to  a step  seal  However,  as  radial  operating  clearances  get  above  0.0381  cm 
(0.01 5 In.),  the  efficiency  of  the  straight-through  seal  is  less  than  the  step  seal.  Adding  more  knives  to  the  straight- 
through  seal  will  reduce  leakage,  but  most  designers  find  that  for  a given  axial  length,  a stepped  seal  will  have  equal 
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FACTORS  ASSOCIATED  WITH  RUB  TOLERANCE  OF  COMPRESSOR  TIP  SBALS  j 

Charles  W.  Elrod 
Aerospace  Engineer 

Air  Force  Aero  Propulsion  Laboratory  ; 

Components  Branch  (AFAPL/TBC) 

Krlght-Patterson  APB,  Ohio 


SUNMARY 

This  paper  will  examine  the  ineffective  tolerance  of  compressor  blade  tip  seals  to  high  speed  rubs. 
Research  being  conducted  by  the  Air  Force  Aero-Propulsion  Laboratory,  at  Wright-Patterson  Air  Force  Base 
will  be  described  which  examine  basic  issues  of  the  problem. 

Two  facilities  used  to  study  different  facets  of  the  problem  will  be  described  and  the  integration 
of  the  test  data  from  the  facilities  in  the  overall  rub  tolerance  program  will  be  delineated.  A Compres- 
sor Rub  Test  Facility  (CRTP)  including  a single  compressor  stage  driven  by  an  electric  motor  drive  is  used 
to  study  rub  interaction  in  a realistic  compressor  environment.  The  apparatus  is  unique  in  its  capability 
t,o  provide  a full  range  of  compressor  operating  conditions  and  rub  interaction  rates  for  a full  scale  tip 
seal  configuration. 

The  second  facility,  a laser  test  facility,  is  used  to  examine  the  phenomena  of  self  sustained  com- 
bustion of  titanium  in  a simulated  compressor  environment,  especially  the  environment  involved  in  the  CRTF. 
Although  the  information  being  generated  is  applicable  to  various  compressor  environments  it  is  of  par- 
ticular interest  to  the  CRTF.  The  bum  rate  and  damage  criteria  is  being  used  to  develop  proper  pro- 
cedures far  safe  test  operation.  In  addition,  the  prossure,  temperature,  and  velocity  relationships  on 
self  sustained  combustion  of  titanium  arc  noted  to  have  significant  relevance  to  many  situations  outside 
the  CRTF  environment. 


INTRODUCTION 


Performance  and  economy  have  become  increasingly  important  to  gas  turbine  enginu  technology  in  recent 
years.  As  a result,  ureas  such  as  air  flow  management  and  in  particular  gas  path  seals  are  receiving  con- 
cerned attention.  Parameters  which  Were  considered  important  but  not  critical  a:c  now  being  carefully 
examined.  One  such  parameter  is  elournnee,  ie . , the  space  between  u rotating  and  stationary  part. 

The  effects  of  clearance  and  the  desire  to  minimite  this  loss  factor  are  known  and  have  been  reported, 
ref,  1.  Decreasing  tho  e’earanco  of  a turbine  tip  seal  0.0254  cm.  can  produce  fuel  cost  savings  in  excess 
of  $1,000,000  for  a fleet  of  engines.  These  figuros  aro  oven  more  striking  when  one  considers  that  clear- 
ances exceeding  0.152  cm.  are  not.  uncommon. 

Roducing  clearances  on  tho  other  hand  is  not  accomplished  without  some  penalty.  Penalty  in  the  form 
of  blade  wear,  deleterious  debris  and  excessive  heat  generation  are  common  occurrences  and  are  sometimes 
lumped  into  the  category  of  rub  tolerance.  The  concept,  of  rub  toleranco  is  associated  with  blade/case 
interference,  vane/rotor  interference  and  labyrinth  tooth/stator  interference. 

The  interference  occurs,  for  example,  as  a result  of  differential  thermal  growth  between  rotating  and 
stationary  parts,  as  a result  of  sudden  radial  transients  during  landing,  takeoff  or  hard  maneuvers,  or 
from  some  structural  failure.  Tl-o  effects  of  these  radial  excursions  can,  in  most  cases,  be  minimized 
with  good  design  and  proper  material  selection, 

In  the  area  of  tip  seals,  which  this  paper  will  address,  the  designs  and  material  problems  have  been 
noted  for  a number  of  years,  however,  most  solutions  have  been  trial  and  error.  That  is  not  to  say  re- 
search is  inadequate  or  unsystematic , but  tho  transition  from  laboratory  simulation  to  real  engine  environ- 
ments has  been  difficult.  Materials  which  look  good  as  rub  tolerant  tip  seals  (case  treatments)  in 
laboratory  rigs  do  not  exhibit  those  same  features  in  the  engine. 

As  a result  of  these  inconsistencies  and  the  desire  to  understand  the  mechanism  of  rub  tolerance,  the 
United  States  Air  Force,  at  Wright  Patterson  AFB  has  initiated  study  programs  to  examine  the  various 
features  associated  with  wear  and  heat  generation. 

The  program  consists  of  analytical  models  relating  to  friction  and  wear,  which  will  be  consolidated 
into  a generalized  analysis  and  design  tool,  and  experimental  programs  to  quantify  the  parameters  relat- 
ing to  rub  tolerance. 

It  is  Important  to  note  that  the  parameters  relating  to  rub  tolerance  include  not  only  design  criteria 
such  as  the  amount  of  energy  dissipated,  tho  heat  split  between  rotor  and  stator  and  the  wear  mechanism 
but  they  also  include  a study  of  the  problem*  arising  from  severe  rubs.  One  of  these  problems,  the 
ignition  of  titanium  blades,  was  a catalyst  in  focusing  attention  of  rub  tolerance  and  prompted  the  initi- 
ation of  a number  of  experimental  programs  to  examine  the  problem.  The  peper  will  describe  one  progrsm 
involving  a full  scale  single  stage  compressor  to  study  rub  initiated  titanium  combustion  and  a comple- 
mentary program  defining  titanium  burn  rates,  sustained  combustion  criteria  and  extinguishment  problems. 

COMPRESSOR  RU?  TEST  FACILITY 

The  Compressor  Rub  Test  Facility  (CRTF)  was  designed  and  built  to  study  the  ignition  of  titanium 
blades  in  a real  engine  environment  during  a rub  situation.  A number  of  configurations  were  considered 
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in  the  initial  design  stages  but  most  Mere  eliminated  because  of  non-adaptability  to  the  facilities 
that  were  available.  Ono  concept  which  appeared  feasible  involved  a high  pressure  gas  source,  flow 
control  valves  and  an  exhaust  system,  see  Figure  1.  Considerable  attention  was  given  to  the  design, 
especially  in  the  areas  of  systea  repressurization,  system  capacity  and  flow  control. 


System  1 


The  concept  was  abandoned,  however,  in  favor  of  the  one  shown  in  Figures  2 and  3,  One  of  the  primary 
reasons  was  air  availability.  If  the  closed  loop  design  is  successful  the  aaount  of  air  needed  for  a 
test  sequence  is  only  .85**  plus  an  additional  .907  Kg  per  second  for  leakage  control,  makeup  air  and 
pneumatic  valving. 

Although  the  facility  was  designed  to  provide  a full  scale  compressor  environment  for  rub  initiated 
titanium  combustion,  the  capabilities  of  the  apparatus  far  exceed  these  requirements.  Before  proceeding 
with  * discussion  of  these  capabilities  a general  physical  description  of  the  facility  is  in  order. 

Basically,  the  apparatua  is  a closed  loop  flow  systea  Incorporating  a single  compressor  stage  from  a 
gas  turbine  engine,  in  the  test  section,  driven  by  an  electrical  motor  drive  through  a gearbox.  The  loop 
Is  supported  by  a metal  structure  and  air  is  supplied  from  a high  pressure  gas  source.  The  controls 
feature  remote  operation  from  beneath  the  test  stand. 

The  drive  system  is  a 1500  hp  synchronous  motor  capable  of  speed  variations  from  0-3000  rpm.  The 
motor  is  housed  in  a concrete  structure  with  the  output  shaft  10.67  meters  above  ground  level,  since  the 
rig  was  previously  used  to  test  propellers.  The  Jack  shaft  of  the  electric  motor  is  connected  to  the  low 
speed  end  of  an  aircraft  gearbox  by  a low  speed  coupling  assembly. 

Tile  high  spoed  drive  from  the  gearbox  incorporates  a flexible  coupling  for  misalignment , two  bearings 
(one  being  a roller  and  the  other  a thrust  absorber)  and  the  single  stage  rotor  assembly.  The  gearbox  is 
mounted  to  the  test  loop  support  structure  to  minimise  misalignment  in  the  high  speed  shaft  due  to  thermal 
growth  differences  between  the  metal  and  the  concrete  support  structures. 

The  test  loop  includes  a flow  straightening  or  distortion  section  (1) , a test  annulus  with  inlet  and 
exit  guide  vanes  (2),  a diffuser/exhaust  section  (3),  a fill/bleed  section  (4),  and  s flow  measurement 
section  (5).  Air  is  bled  into  the  cavities  2a  and  2b  beneath  the  test  annulus  to  prevent  ingestion  or 
loss  of  high  temperature  air  from  the  test  section.  A hydraulic  actuator  is  petitioned  on  the  outer  sur- 
face of  the  case  segment,  included  with  the  stator  assembly,  to  provide  controlled  deflection  into  the 
rotor.  The  amount  of  Interference  is  controlled  by  a Linear  Velocity  Differential  Transducer  and  rub 
depths  of  .025  - .102  cm  will  be  provided.  Thu  test  loop  is  also  Insulated  to  prevent  excessive  heat  loss 
and  instrumanted  to  obtain  loop  tamperatures  and  pressures. 


COMPRESSOR  RUB  TEST  FACILITY 
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The  operation  of  the  facility  Involves  first  pressurizing  the  loop  to  the  desired  pressure  and  slowly 
bring  the  rotor  up  to  speed.  The  flow  through  the  loop  is  allowed  to  stabilize  and  the  temperature  allowed 
to  rise  until  the  desired  conditions  are  reached.  Once  the  loop  is  at  the  proper  settings  the  inlet  bleed 
valve  is  opened  to  introduce  cold  (ambient)  air  from  the  pressure  source.  The  amount  of  air  bled  into  the 
system  (sij.)  is  just  enough  to  overcome  the  heat  input  from  the  drive  system  (Win)  less  the  best  loss 
through  the  insulation  (Qtj , the  hot  air  lost  through  leakage  (mL)  and  the  hot  air  removed  by  the  pressure 
relief  system  (mg). 

■V  ■ "in- VlV-Vp7 

At  this  point  the  npparatus  is  ready  to  initiate  testing. 

The  facility  in  its  current  configuration  is  capable  ot'  performing  tests  on  the  installed  compressor 
stage  within  the  limits  shown  below: 

Speed  — 9000-14,000  rpm 
Temperature  --  150*C  - 4S0*C 
Pressure  --  J45  kPn  - 830  kPu 
Incursion  Rates  --  .0025  - .025  cm/sec 

These  limitations  are  primarily  a function  of  tha  stage  being  tested.  The  first  sariaa  of  tests  will  be 
run  at  the  upper  ranges  of  speed,  temperature  and  presiura  while  the  rub  depth  will  be  .076  ca  and  the 
incursion  rate  ,013  cm/ sac.  The  blades  in  tha  test  stage  are,  of  course,  titanium  and  the  rub  atrip 
material  ia  a plasma  sprayed  N1  Cg.  The  rub  strip  material  will  be  varied  to  determine  the  affect  of 
rub  tolerance  on  titanium  combustion.  Initial  screening  of  the  rub  etrip  materials  to  dateraine  their 
relative  abradability  is  accomplished  with  a mini  rub  rig  incorporating  s 12.7  cm  tast  disk  rotating 
st  2000  rpm. 

The  facility  is  currently  in  the  final  stages  of  checkout  prior  to  the  initiation  of  the  first  test 
sequence.  Prior  tc,  the  initiation  of  testing  in  the  CRTF,  however,  a complamentary  program  was  required 
to  obtain  some  basic  intonation  on  titanium  combustion  and  extinguiehmant , Tha  extlnguishstar.t  portion 
of  tha  program  was  raqulrad  to  provide  a meant  of  protecting  the  rub  test  facility  in  tha  event  of  a 
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FIGURE  3 --  COMPRESSOR  RUB  TEST  FACILITY 


massive  fire  end  the  self  sustained  combustion  dsta  provides  information  on  the  bum  rate  (reaction  time 
for  extinguishment)  and  probability  for  massive  metal  combustion.  Although  these  programs  were  initially 
established  to  provide  information  for  the  CRTF  they  have  been  expanded  to  form  tho  basis  of  a very  com- 
plete study  on  titanium  combustion. 

J 

TITANIUM  COMBUSTION  PROGRAM 

The  basic  titanium  combustion  data  was  obtained  in  two  programs:  a Melt  Ignition  Test  (Ref  2)  and  a 
Laser  Ignition  Test  (Ref  3).  The  former  program  provided  an  Insight  into  the  phenomena  of  self-sustained 
combustion  and  the  effects  'of  pressure,  temperature  and  flow  on  the  bum  process  but  wss  abandoned  in 

favor  of  the  laser  test.  This  shift  from  melt  ignition  to  laser  ignition  was  necessary  to  effectively  I 

evaluate  the  bum  rate  and  self-sustained  combustion  process  in  greater  depth.  Laser  ignition  is  s more 

controlled  and  reliable  energy  source  with  respect  to  the  site  of  ignition  and  the  ares  affected  by  the  1 : 

energy  input.  The  results  of  both  programs  will,  however,  be  reported  since  some  information  from  each  j 

program  will  be  used  in  the  CRTF.  j 

The  melt  ignition  prograai  was  performed  in  the  apparatus  shown  in  Figure  4.  Air  at  a specified  | 

temporature,  pressure  and  velocity  is  directed  at  a sample  (2.S4cm  X 7.62  cm  X .016  cm)  of  titanium  6A1-4V 
canted  40*  to  tha  flow.  Once  the  flow  is  established,  a wire  (7.62cm  X 6.3mm  X 1.6mm)  across  an  arc  ' 
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welder  ia  melted  by  current  flow  and  V>*  »elt  impinges  on  the  test  sample,  The  energy  contained  in  the 
melt  is  sufficient  for  ignition  to  occur,  however,  the  dispersal  of  the  burning  droplets  is  difficult  to 
control  and  the  ignition  site  varied  depending  on  where  the  melt  impinged  on  the  sample,  Once  the  fire 
went  out,  the  flow  was  shut  off  and  the  test  terminated. 


The  primary  data  from  the  testa  were  in  the  form  of  movies.  Each  run  was  recorded  by  a 16mm  Miliken 
camera  operating  at  250  fraaMs/sec  and  observed  by  closed  circuit  TV  with  a video  tape  capability.  The  ] 

films  were  processed  and  projected  on  a grid  and  drawings  made  of  the  luminous  boundaries  at  selected  j 

times  to  obtain  burn  progression.  o 


The  data  was  plotted  as  boundary  lines  between  the  regions  of  sustainsd  and  non-sustained  burning  ,| 

for  velocity  versus  temperature  and  velocity  versus  pressure.  The  velocity  versus  teaq>erst.ure  graph,  j 

Figure  5,  indicates  a relationship  between  velocity  and  teaperature  where  an  increase  in  velocity  is  j 

required  to  blowout  or  prevent  sustained  combustion  as  the  sir  temperature  for  each  isobar  plotted  in-  ; 

creases.  The  relationship  stems  more  pronounced  at  low  pressure  than  at  higher  preieurea.  There  does  | 

not  appear  to  be  as  muc  i of  s relstionship  between  velocity  and  pressure,  see  Figure  6,  as  observed  in  | 

the  previous  plot.  j 

Two  additional  features  of  the  study  which  should  be  mentioned  are  the  effects  of  tasq>le  thickness  j 

snd  extinguishers.  Figures  5 and  6 both  illustrate  the  larger  sustained  burning  region  for  the  thin  3 , 

, 06 ca sample  than  the  .016 casample.  This  phenomenon  is  significant  when  related  to  an  actual  compressor  j 

blada  with  an  airfoil  shape,  l.e.,  thin  leading  and  trailing  edges,  thick  mid-sections.  The  thin  sections  J j 

would  be  expected  to  bum  first  and  faster  than  the  thicker  middle  section  which  was  observed  when  real  | 

blades  were  tested. 

The  extinguishment  tests  confirmed  previous  expectations  relating  to  the  difficulty  of  extinguishing  < 

a titaniua  fire.  Argon  was  found  to  be  an  acceptable  extinguishing  agent  but  only  in  concentrations  ^ j 

exceeding  50%  by  volume.  With  argon  concentrations  of  90%  the  flame  suppression  was,  in  affect,  imaiediate. 

Nitrogen  and  COj,  as  expected,  encouraged  the  combustion  process  rather  than  suppressed  it.  1 

At  previously  mentioned,  the  indepth  investigation  of  titaniua  combustion  fundamentals  was  conducted  ! 

in  the  laser  ignition  facility  becauaa  of  the  reproducible  nature  of  the  ignition  process.  Both  the  site 
of  ignition  and  the  amount  of  material  ignited  can  be  precisely  controlled.  ^ 

i ; * 

The  procedure  was  similar  to  the  previous  test  with  the  major  differences  being  the  substitution  of  i 

the  laser  source  for  the  melted  wire  and  the  orientation  of  the  sample,  parallel  to  the  flow  rather  than  j 

canted  40*  to  the  flow.  High  speed  cinematography  was  employed  snd  the  film  analysed  in  a manner  similar 
but  more  extensive  than  in  the  previous  test  progress  .! 
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The  data  wa*  plotted  In  a variety  o f parameter  relationships  with  the  most  meaningful  biting  the 
pressure  versus  temperature  for  various  velocity  ranges,  Figures  7,8,  9,  10,  and  11.  Furthermore,  the 
individual  data  points  were  identified  in  terns  of  the  damage  (\  mass  loss)  each  sample  sustained  and 
segregated  in  regions  of  similar  damage. 

The  figures  illustrate  a strong  pressure  dependence  but  less  of  a temperature  dependence  which  appears 
to  be  a direct  contradiction  to  the  previous  results.  The  data  is  being  examined  in  further  detail  to 
understand  the  possible  anomalies  but  one  must  remaster  the  ignition  process  was  considerably  different 
and  the  sample  orientation  was  changed.  Once  the  original  melt  data  is  examined  in  more  depth  some  of 
the  initial  differences  may  disappear  or  a significant  difference  relating  to  aw  It  ignition  phenomena 
may  develop. 

Sosm  of  these  answers  may  surface  during  a planned  extension  of  the  laser  ignition  work  involving 
cascade  or  multiple  blade  tests.  Ignition  of  one  blade  by  the  laser  and  subsequent  ignition  of  down- 
stream blades  by  melt  impingement  could  clear  up  the  current  discrepancies. 

The  burn  rata  of  the  titanium  samples  was  analysed  and  the  data  plotted  as  shown  in  Figure  12.  The 
lines  represent  a best  fit  of  the  data  to  the  equation: 

y ■ Aj  Bxp  (-A2X1)  + Aj  Exp  C-A4x)  + A,. 

The  dependence  of  burn  rate  on  pressure  and  velocity  ia  quite  evident  from  this  figure.  Although  a pre- 
cise quantification  of  bum  rate  ia  not  available  at  this  time,  the  data  doe*  indicate  the  ranges  of 
allowable  reaction  tinea. 
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CONCLUSIONS 


The  programs  described  will  provide  valuable  insights  into  one  of  the  important  problem  areas  relat- 
ing to  rub  tolerance  but  more  importantly  two  unique  facilities  have  evolved.  One  with  enormous  potential 
for  testing  compressor  related  problems  over  a wide  range  of  environmental  conditions  and  a second 
facility  for  the  study  of  titanium  combustion  in  a flowing  airstream  are  now  an  important  part  of  the 
United  States  Air  Force  research  and  development  capabilities.  Future  programs  are  currently  being 
formulated  for  both  experimental  rigs. 

The  CRTF  will  become  a source  for  testing  new  seal  materials,  blade  coatings  or  blade  tip  treatment 
and  possibly  a prerequisite  before  the  final  engine  verification  or  engine  demonstration  phase  in  a new 
product  development  cycle.  In  addition,  programs  relating  to  blade  flutter,  disc  stress,  or  similar 
technologies  can  be  included  in  the  test  program  planning  for  the  CRTF. 

The  laser  ignition  test  program  results  include,  in  addition  to  the  Ti  6-4  parallel  flow  tests,  a 
series  of  Ti  6-4  canted  blade  tests  (where  the  blades  are  angled  at  10*  to  the  air  flow),  a series  of 
titanium  alloy  tests  (currently  26  alloys  have  been  ignited)  and  a select  number  of  coated  titanium  blade 
ignition  tests.  Future  prograas  Include  multiple  blade  (cascade)  tests,  locus  of  ignition  tests  (where 
the  ignition  site  will  be  moved  to  the  trailing  edge  and  the  leading  edge  at  the  midspan  of  the  blade) 
and  ignition  energy  tests  (where  the  minimum  ignition  energy  as  a function  of  airstrena  temperature, 
pressure  tnd  velocity  will  be  determined). 

An  important  feature  of  the  laser  ignition  tests  is  the  applicability  of  the  data  not  only  to  the 
CRTF  operation  but  also  to  the  actual  engine  problem.  A detailed  knowledge  of  titanium  combustion 
behavior  in  an  aerodynamic  environment  if  of  invaluable  assistance  to  the  engine  designer.  Furthermore, 
the  tests  on  titanium  alloys,  coatings  and  tip  treatment  will  offer  the  engine  manufacturer  reassurance 
in  the  practical  use  of  titanium  in  current  and  future  gas  turbine  engines. 
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DISCUSSION 


1. Glue  min,  US 

How  did  you  choose  the  alloys? 

Author’s  Reply  > 

We  have  gone  through  a list  of  commercially  available  alloys.  Those  which  are  normally  used  not  only  In  the 
aircraft  industry  but  also  in  other  industries  to  see  if  — if  we  look  at  a large  cross  section,  a large  specimen  of 
alloys  — there  are  any  alloying  trends  which  tend  to  show  up  an  incombustible  trend. 


I. Classman 

There  is  a lot  of  knowledge  in  the  combustion  of  metals  which  would  simply  say  that  you  want  to  pick  a metal 
which  basically  would  perform  an  oxide  which  has  a self-healing  effect.  The  trouble  with  titanium  is  that  at 
certain  temperature  titanium  oxides.  Perhaps  the  best  with  which  you  can  make  an  alloy  would  be  simply 
aluminium.  Have  you  tried  that  and  does  it  still  burn? 

Author’s  Reply 

Yes  we  have  tried  that.  We  tried  Ti  3A1  and  TiAl  and  both  burned.  We  could  not  ignite  the  last  alloy  under  our 
test  conditions,  if  the  weight  percentage  of  Aluminium  was  between  24  and  36%.  When  we  dropped  the  Aluminium 
below  24%  we  were  able  to  ignite  the  alloy.  We  are  going  to  continue  the  testing  a little  more  to  get  a more  Indepth 
analysis  of  that  burning  process  with  Aluminium. 

The  problem  with  Titanium-Aluminium  is  because  it  is  very  brittle.  Now,  if  you  can  get  some  ductility  back  into 
Titanium-Aluminium,  it  is  very  possible  that  we  could  use  this  in  some  isolated  incidents,  e.g.  a casing  or  a vane. 


EE.Covert,  US 

In  combustion  of  liquid  droplets  in  gas  turbine  combustors,  there  is  a correlating  parameter  which  is  the  product 
of  pressure  and  temperature  and  the  reciprocal  of  the  velocity  of  the  air  flow.  Have  you  looked  for  a similar  type 
of  correlating  parameter  for  your  data? 


Author’s  Reply 

That’s  a distinct  possibility.  We  had  not  actually  considered  putting  it  into  that  form.  I think  we  may  go  back 
and  try  to  see  if  we  can  get  some  correlations. 
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SELF-ACTING  SHAFT  SEALS 


Lawrence  P.  Ludvig 

National  Aeronautics  and  Space  Administration 
Lavli  Research  Canter 
Cleveland,  Ohio  44135 


SUMMARY 

Self-acting  seala  are  described  In  detail.  The  aatheaatical  models  for  obtaining  a leal  force  bal- 
ance and  the  equilibrium  operating  film  thickness  are  outlined.  Particular  attention  is  given  to  primary 
ring  responds  (seal  vibration)  to  rotating  seat  face  runout.  This  response  analysie  ravaala  three  differ- 
ent vibration  modes  with  secondary  eaal  friction  being  an  Important  paraaatar.  Leakage  flow  inlet  pres- 
sure drop  and  affects  of  axlsyasMtrlc  and  nonaxisywatrlc  sealing  face  deformations  are  discussed.  Exper- 
imental data  on  self-acting  face  seals  operating  under  elaulatsd  gas  turbine  conditions  are  given;  these 
data  show  the  feasibility  of  operating  the  seal  at  conditions  of  345  N/ca?  (500  pal)  and  152  a/sac  (500 
ft/sao)  sliding  speed.  Also  a spiral  groove  seal  design  operated  to  244  m/sec  (800  ft/sec)  is  described. 


SYMBOLS 

«(r  - r ) 

B constant  “ h^ *- 

F sealing  daa  force,  N;  lbf 

h fila  thickness,  ca;  in. 

2 2 1/3 

h . characteristic  fila  thickness  * (h,h:/h  ) , ca;  in. 

cniA  l i a 

l primary  seal  radial  length 

L sealing  daa  circumferential  length,  ca;  in. 

M Mach  nuaber 

2 2 

P pressure,  N/m  or  N/cm  ; pel 

2 2 

AP  pressure  difference,  N/m  or  N/cm  ; pal 

Q nat  leakage  (volume)  flow  rata,  acaae;  scfa 

R radius,  ca;  in. 

AS  sealing  daa  radial  width,  R - R, , ca;  in. 

O X 

R gas  constant,  universal  gas  constant/aolacular  weight 

Ra  Reynolds  number 

r radial  direction  coordinate 

T temperature,  K;  °F 

V velocity,  a/sac;  ft/sac 

x coordinate  in  pressure  gradient  direction  (radial  direction) 

y coordinate  across  film  thickness 

s shear  flow  coordinate  in  Cartesian  system 

a relative  inclination  angle  of  primary  seal  faces,  rad 

0 aidayatrlc  relative  inclination  of  primary  seal  faces,  rad 

Y nonaxleymmetric  relative  incllnetlon  of  primary  seal  faces,  red 

2 2 

p ebeolute  or  dynsmlc  viscosity,  N-sec/m  ; (lbf-sec)/ft 

P density,  kg/m3;  (lbf) (sec2)/ft* 

Subscripts i 
sv  average 

char  batad  on  characterlntlc  film  thicknaes 

h based  on  film  thickness 

1 inner  cavity 

m mean 

0 outer  cavity 

r baaed  on  radius 

s aprlng 

1 seeled  pressure,  upstream  reservoir  pressure 

2 pressure  at  and  within  sealing  gap  inlet 
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3 pressure  at  mid  within  sealing  gap  exit 

4 downstream  reservoir  pressure 


INTRODUCTION 

The  continuing  increase*  In  gas  pressure  and  taaparature  which  accompany  the  evolution  of  the  gas 
turjine,  Industrial  compressor,  and  other  rotating  machinery  placet  burdens  on  a shaft  seal  technology, 
which  seams  to  some  to  be  barely  adequate  for  current  needs.  In  addition,  the  emphasis  on  efficiency' 
caused  by  the  Impending  fuel  shortage  causes  an  additional  need  for  seals  with  reduced  leakage  rates.  In 
the  gau  turbine  shaft  seals  are  used  to  restrict  leakage  from  a region  of  a gas  at  high  pressure  to  a re- 
gion of  gan  at  a lower  prasaure  and  to  restrict  gas  leakage  Into  the  bearing  lusps.  (Bearing  sumps  con- 
tain an  oil-gas  fixture  at  near  ambient  pressure,  and  gaa  leakage  through  tha  seal  helps  prevent  oil  leak- 
age out  end  maintains  a minimum  auap  prasaura  necessary  for  proper  scavenging. ) Bearing  sumps  in  tha  high 
pressure  turbine  area  are  usually  the  most  difficult  to  seal  because  the  pressures  and  temperatures  sur- 
rounding tha  sump  can  be  near  compressor  discharge  conditions. 

Labyrinth  seals  are  coneotily  used  for  shaft  sealing  iu  gaa  turbine  engines  (a  simplified  modal  of  one 
system  la  shown  in  Fig.  1).  The  advantage  of  labyrinth  aaala  is  that  the  speed  end  pressure  'inability  la 
limited  only  by  tha  structural  design;  one  disadvantage  it  a relatively  high  leakage  rate.  le  leakage 
cam  be  a significant  performance  penalty,  and  will  provide  easier  passage  of  tir-borne  wet  . nd  dirt  into 
tha  simp.  In  this  regard  high  leakage  rate*  of  hot  gas  into  the  bearing  compartment  tand  t.  carry  oil 
overboard  and  add  significantly  to  tha  hset  dissipation  burden  of  tha  oil  cooling  ayatea.  An  added  compli- 
cation in  small  englues  la  tha  limited  space  available  for  seal*  and  bearing  sumps , here  the  multiple 
labyrinth  seal  with  asaoclatad  bleed  and  venting  passages  is  difficult  to  accommodate. 

Conventional  rubbing  contact  seals,  shaft  riding  and  radial  face  types,  ere  also  used  for  sealing 
bearing  sumps.  Because  of  wear  rata,  shaft  riding  end  circumferential  teal*  (sea  Fig.  2 for  one  version) , 
have  been  limited  to  pressure  less  than  69  N/c*2  (100  pal) ; and  successful  operation  haa  bean  reported  at 
a sealed  pressure  of  38  N/cm2  (85  pel),  a gaa  taaparature  of  644  K (700°  F),  and  a sliding  velocity  of 
73  m/eac  (240  f t/s«c) (Ref.  1).  On  the  other  hand,  tha  conventional  rubbing  contact  face  seal  (Fig.  3) 
is  lifted  to  approximately  90  N/ca2  (130  pal)  and  122  m/eac  (400  ft/sec)  for  long  operational  Ufa. 

Rubbing  contact  aaale  ora  attractive  because  they  have  lover  leakage  rates  than  labyrinth  seals.  Asso- 
ciated with  this  lower  gee  leakage  rate  la  less  entrained  debris,  lower  heat  dissipation  requirement  for 
tha  oil  cooling  system,  and  lower  efficiency  penalty. 

By  incorporating  thrust  bearing  geometry  into  a conventional  face  seal,  nonrubbint;  operation  can  be 
achieved.  This  seal  concept  has  bean  termed  the  "self-acting"  eaal,  since  the  mechanism  le  similar  to  a 
aslf-acting  thrust  bearing  in  that  tha  meting  faces  lift  out  of  contact  because  of  tha  pressure  developed 
by  relative  notion  between  tha  eaal  facta.  Studies  (Refs.  2 end  3)  demonstrated  that  the  self-acting  oaals 
can  operate  at  advanced  aircraft  angina  conditions,  that  they  have  lower  leakage  rates  than  labyrinth 
aaala,  and  hence  that  they  are  attractive  from  an  efficiency  standpoint, 

Tha  objectives  of  this  paper  are  to  (a)  review  the  operating  principle  and  design  of  tha  self-acting 
seel,  (b)  point  out  effects  of  adverse  operating  conditons,  end  (c)  present  some  experimental  data.  Tha 
data  arc  for  two  eaal  slats,  a 16.76-cm  (6. 60-in.)  nominal  diameter  seal  suitable  for  large  gaa  turbines 
and  a 6.44-ca  (2.54-in.)  diameter  sssl  for  emsll  anginas.  The  experimental  portion  of  tha  program  was  run 
in  rigs  which  simulated  tha  bearing  compartments  of  gee  turbines,  thla  pieced  the  seeled  pressure  et  the 
seel  inside  diameter;  thus  the  bearing  oll/alr  mixture  was  at  the  seal  outaida  diameter  and  centrifugal 
force  actad  against  oil  leakage. 


DISCUSSION  AND  ANALYSIS 


Self-Acting  Face  Seel  Terminology 

The  terms  "hydrodynamic"  and  "hydrostatic"  era  often  applied  to  deacribs  saals  for  cosprasslbls  fluids 
aa  wall  as  for  incompressible  fluids.  But  following  the  bearing  terminology,  the  terms  "self-acting"  end 
"pneuometatic"  will  ba  used  when  the  sealed  fluid  le  compressible,  end  the  terms  "hydrodynamic”  and  "hydro- 
static" will  ba  reserved  for  sealing  incompressible  fluids. 

It  should  be  noted  that  conventional  "contact"  saals  often  operate  with  separation  of  tha  sealing  sur- 
faces because  of  forces  produced  by  self-acting,  pneumoststic,  hydrodynamic,  or  hydrostatic  affects.  Thla 
Is  partlculary  true  in  conventional  radial  face  saals  for  liquids  (such  as  pump  soals),  the  hydrodynamic 
forces  being  produced  by  miniscule  misalignments  and  surface  vaviness  (which  ere  largely  unplanned  end 
occur  by  happenstance)  caused  by  such  effects  as  local  thermal  expansions,  friction,  and  wear.  In  con- 
trast, in  tho  saals  which  are  the  subject  of  this  paper,  the  self-acting  or  hydrodynamic  action  ia  produced 
by  a "machined  in"  bearing  geometry  and  not  by  uncontrolled  effects.  Figure  4 shows  this  type  of  self- 
acting seal.  (Since  a hydrodynamic  seal  assembly  would  be  the  same  in  principle,  the  discussion  can  be 
limited  to  the  self-acting  seal.) 

As  previously  mentioned,  a self-acting  face  seal  la  similar  to  a conventional  face  seal  except  for 
tha  added  feature  of  a aalf-actlng  geometry  (gas  lubricated  thrust  bearing).  A a with  a conventional  faca 
seal,  it  conaiats  of  a rotating  scat  which  is  attached  to  tha  shaft  and  a nonrotating  primary  ring  assembly 
which  is  frsa  to  move  in  an  axial  direction;  thus  tha  aaal  can  accommodate  axial  motion  such  as  is  due  to 
angina  thermal  expansion.  The  secondary  seal  (piston  ring)  is  subjected  only  to  the  axial  motion  (no  ro- 
tation) of  tha  primary  ring  assembly.  Several  springs  provide  mechanical  force  to  maintain  contact  at 
start  and  stop.  Iu  operation,  the  sealing  facaa  are  separated  a alight  amount  (In  the  range  of  2.5  to 
1.27  pm  (0.0001  to  0.0005  in.))  by  action  of  the  aalf-actlng  lift  geosetry.  This  positive  separation  re- 
sults from  the  balance  of  seal  forces  and  the  gee  film  stiffness  of  the  self-acting  geometry.  Tha  self- 
acting  geoentry  can  be  any  of  tha  various  types  usad  in  gas  thrust  bearings;  the  Rayleigh  step  bearing  1* 
illustrated  in  Figs.  4 and  5. 


Within  the  seal  industry  there  la  a wide  variety  of  tarns  used  to  describe  similar  seal  parte.  The 
ASLE  seal  glossary  (Kef.  4)  hae  provided  boss  guidance  in  seal  nomenclature,  and  the  aelf-actlng  nomencla- 
ture which  follows  is  mainly  an  extension  of  this  ASLE  work.  The  nomenclature  applying  to  an  assembly  of 
parts  (Fig.  4)  Is 

1.  Primary  seel  - Seal  formed  by  the  sealing  facas  of  the  seat  and  primary  ring.  Relative  rotation 
occurs  betwaan  these  seeling  faces. 

2.  Secondary  seal  - Seel  formed  by  the  sealing  surfaces  of  the  secondary  ring.  In  the  case  of  a bel- 
lows seal  the  secondary  seal  la  the  bellows  itself. 

3.  Static  teal  - Seal  formed  by  tha  mating  surfaces  of  the  primary  ring  and  its  carrier  (in  soma  de- 
signs the  static  seal  is  an  lnterferenca  fit). 

4.  Self-acting  geosMtry  - Lift-pad  geometry  (Rayleigh  step  bearing)  and  mating  face  which  together 
produce  tha  thrust  bearing  action  to  separata  tha  sealing  surfaces. 

5.  Film  thickness  (h)  - Distance  between  primary  sealing  faces  or  between  surfaces  forming  tha  self- 
acting geometry.  For  parallel  surfaces  the  film  thickness  at  tha  primary  seal  is  the  same  aa  at  the 
self-acting  geometry.  (Kota  that  h may  vary  with  radial  and  clrciaferentlal  poaition  and  with  time.) 

6.  Seal  head  - Assembly  that  is  axially  movable  and  consisting  of  primary  ring,  its  retainer  (if  any), 
and  its  carrier.  (Tha  retainer  and  tha  carrier  ere  combined  into  one  part  in  soma  designs.) 

Tha  nomenclature  applying  to  single  parts  (Fig.  4)  is 

1.  Seat  - Part  having  a primary  sealing  face  and  SMchanically  constrained  with  respect  to  axial  mo- 
tion. 

2.  Primary  ring  - Part  having  a primary  sealing  face  and  not  conatrainad  with  raapact  to  axial  teat ion. 

3.  Secondary  ring  - Part  having  ascondary  sealing  surfaces  which  mete  to  the  aecondery  seeling  sur- 
faces of  tha  carriers, 


Force  Balance 

Conaral  description.  - To  determine  film  thicknesses  and  leakage  in  a self-acting  seal,  the  axial 
forces  acting  on  the  eaal  head  (assembly  of  the  primary  ring  and  its  carrier)  must  be  determined  over  thm 
range  of  oparating  conditions.  These  forces  comprise  tha  self-acting  lift  force,  tha  spring  force,  and 
tha  pneumatic  force  due  to  tha  sealed  praesure.  Essentially,  the  analysis  requires  finding  the  film 
thickness  for  which  tha  opening  forces  balance  the  closing  forces.  When  this  equilibrium  film  thickneaa 
is  known,  the  leakage  rate  can  be  calculated.  This  force  balance  analysis  is  readily  obtained  for  the 
steady-state  case  In  which  tha  aaat  face  haa  aero  runout.  (A  aaat  with  face  runout  cauaes  dynamic 
changes  in  film  thickness;  this  le  a complicating  factor  which  la  discussed  In  a later  section.)  For 
aoet  seal  design  purposes  the  etaady-stata  solution  is  sufficient. 

The  following  sections  outline  tha  analysis  used  to  obtain  tael  performance  predictions  over  the 
operating  range;  for  aircraft  gas  turbines  this  range  is  spanned  by  tha  idle  and  takeoff  seal  praeaures, 
taaparaturea,  and  sliding  speeds.  To  provide  an  example,  tha  16.76"ca  (6.60-ln.)  diameter  seal  was  selec- 
ted for  illustrating  tha  performance  prediction  analysis.  Also,  for  comparison  purposes,  the  performance 
maps  are  given  for  e 6.44-cm  (2.54-in.)  diameter  seal. 


Primary  Seal  Pressure  Gradient 

To  aetabliah  tha  axial  force  balance  of  the  primary  ring,  the  pressure  gradient  in  the  primary  seal 
must  be  determined,  (See  Fig.  4 for  prlaary  eaal  location.)  The  mathematical  models  described  in  Refs.  5 
to  7 were  used  for  these  calculations , From  a gas  leakage  flow  standpoint  tha  prlaary  seal  is  a long  pas- 
sage. For  axaaple,  a typical  oparating  film  thlcknaas  of  a aelf-actlng  eaal  ia  in  the  range  of  10.2  pm 
(0.0004  In.),  end  e typical  radial  length  of  tha  prlaary  seal  la  0.127  ktt  (0.050  in.).  Thus,  the  length  to 
height  (i/h)  ratio  of  the  flow  chennel  le  in  the  range  of  125/1.  Data  from  Refs.  6 and  7 ahow  that  thin 
leakage  peseage  hae  the  following  qualitative  features: 

1.  Laminar  leakage  flow  prevails  over  much  of  the  range  of  interaet  in  saale  for  gas  turbines  (pres- 
sure range  of  345  N/cm2  mbs  (500  pale)). 

2.  Sonic  velocity  (choking)  can  exist  at  the  peseage  exit  for  soma  of  the  larger  pressure  retloa  and 
film  thicknesses  which  occur  in  seel  operation. 

3.  Preeaura  profiles  eoroee  the  primary  eaal  for  choked  and  nonchokad  flow  can  be  very  different. 

4.  Since  the  primary  seal  redial  width  is  email  compared  with  its  diameters,  the  area  expansion  affect 
on  flow  can  be  ignored, 

5.  The  leakage  flow  and  preeaura  profile  are  significantly  different  if  tha  eurfacaa  of  the  primary 
•eel  are  not  parallel.  (Sea  Ref.  8 for  a discussion  of  the  of facta  of  converging  and  diverging  sealing 
surfaces.) 

The  primary  seal  mathematical  modal  uaed  in  tha  ons-dimanalonal  analysis  of  Kefs.  5 and  7 la  shown  in 
Fig.  6.  As  mentioned,  the  area  expanaion  affeota  are  ignored,  and  tha  model  is  a paeeaga  of  height  h 
and  length  t . 

From  stagnation  source  conditions  of  P}  and  (sat  Fig.  6)  an  laantropic  expanaion  la  considered 
to  occur  ehead  of  the  entrence  to  tha  primary  aeal  gap.  Thua,  tha  entrance  preeaura,  Po,  ia  leas  than  tha 
etagnatlan  preeaura  Pi,  and  tha  entrance  velocity,  Vg,  ia  a finite  value.  To  account  for  entrance  loae 
end  vlacoua  friction,  it  waa  found  nacaaeary  to  use  an  entrance  loan  coefficient.  Thua,  tha  entrance  ve- 
locity, V2>  la  laes  than  that  calculated  by  laantropic  expanaion.  In  a later  aectlon  tha  entrance  affects 
are  diacuaaad  in  more  detail. 

Flow  In  the  eaaling  gap  la  assumed  one-dlmanalonal  and  a friction  factor  le  introduced  to  account  for 
vlacoua  lossen.  At  the  exit,  three  conditions  ara  considered  in  tha  analysis!  First,  exit  velocity,  Vj, 
la  ausecnic  and  exit  preeaura,  Pj,  ia  equal  to  reservoir  preeaura,  P4.  Second,  exit  velocity,  V3,  la  sonic 
and  exit  preeaura,  P3,  is  equal  to  reservoir  pressure,  P*.  And  third,  exit  velocity,  V3,  is  sonic,  the 
flow  is  choke! , and  exit  pressure,  P3,  la  greater  then  the  reservoir  pressure,  P4. 


16-4 


If  the  flow  la  subsonic  throughout,  tha  analysis  raducaa  to  tha  following  aquation*: 


a,  Leakage  flow  rata 


b.  Pxaaaura  distribution 
Parallel  fils  caa* 


8 aall  datamation  caaa 


c.  Saallng  daa  forca 


Parallal  flla  caaa 


Saall  daforaatlon  caaa 


(1) 


(2) 


(3) 


(4) 


<3) 


typical  pressure  gradlanta  acroa*  tha  prlaary  aaal  for  two  daaign  polnta  (ldla  and  taka-off)  for  the 
16.78  cn  (6.60  in.)  dlaaatar  aaal  at*  ahown  In  Pig,  7;  thaaa  data  wara  davtioptd  by  the  analytical  proce- 
dural of  Raf.  5 and  la  given  in  aora  detail  in  kaf.  9.  Tha  important  point  ia  that  choked  and  nonchokad 
flow*  can  hava  praaaura  gradlanta  with  vary  different  shapes  thua  affecting  tha  opening  force,  which  la 
tha  integrated  forca  under  tha  preaaure-gradient  curves. 


Self-Acting  Gaoaatry 

The  self-acting  gaoaatry  (lift  pad*)  conalat  of  a series  of  shallow  racaassa,  typically  about  2$  pa 
(0.001  In.)  daap,  arranged  circuafarentlally  around  tha  aaal  under  the  prlnary  aaal  face  as  ahown  in  Figa, 
4 and  5.  An  important  point  ia  that  tha  lift  pada  are  bounded  at  tha  lnaida  dlaaatar  and  tha  outaide  dl- 
aaatar  by  the  sealed  praaaura  P^.  (This  la  accomplished  by  feed  alota  connecting  tha  annular  groove  di- 
rectly under  tha  prieary  aaal.)  Tharafora,  tha  praaaura  gradient,  due  to  gaa  leakage,  occurs  only  acroaa 
tha  prlaary  aaal  and  not  acroaa  tha  aalf-actlng  geoaa  try. 

Tha  aalf-actlng  gaoaatry  la  approxiaetad  by  tha  aiatheaatlcal  aodal  (ahown  in  Fig.  S)  in  which  tha 
curvature  affacta  hava  bean  neglected.  This  aatheaatical  aodal  and  associated  analysis  are  described  in 
detail  in  kef.  10;  tha  following  raatrlctlona  apply: 

1.  Tha  fluid  1*  Newtonian  and  viscous. 

2.  A laminar  flow  regiat  is  assumed. 

3.  Body  forces  are  negligible. 

Figure  9 shows  the  calculated  lift  force  (see  kaf.  10  for  datailf)  produced  by  tha  aalf-actlng  gaom- 
atry  for  idle  and  take-off  aaal  conditions.  Inspection  of  Fig.  9 reveals  that  at  flla  thlcknaaaas  of 
2.7  pa  (0.0003  la.)  and  greater  tha  lift  forca  la  saall.  However,  at  flla  thlcknaaaas  laea  than  2.7  pa 
(0.0005  in.)  the  lift  force  lncraaaas  as  tha  flla  thicknas*  dsertssas,  and  as  a result  tha  self-aotlng 
gaoaatry  haa  a high  flla  stiffntlia  which  enables  the  seal  head  to  track  tha  face  runout  aotlona  of  tha  ro- 
tating aaat  face.  As  aantlonad  previously,  tha  ssli-actlng  lift  forca  tends  to  open  tha  aaal,  and  la 
added  to  tha  prlaary  seal  opening  forca  to  obtain  tha  total  opening  force. 


Closing  Forces 

The  dosing  forces  acting  on  tho  prlaary  ring  era  a spring  forca  and  a pnauaatic  force.  Since  tha 
full  sealed  praaaura  acta  to  tha  lnaida  dlaaatar  of  tha  prlaary  seal,  tha  net  pneumatic  closing  forca  acta 
only  on  tha  annular  area  between  tha  primary-seal  lnaida  dlaaatar  and  tha  secondary seal  outside, dlaaatar. 
For  tha  16.76-ca  (6.60-in.)  dlaaatar  seal  this  annular  area  (s«a  Fig.  10)  la  4.66  am2  (0.722  in.*),  and  tha 
resulting  closing  forces  due  to  tha  sealed  praaaura  are  listed  in  Tab.  1,  for  Idle  and  taka-off  sealed 
praasuras.  Xt  should  be  noted  that  thaaa  cloaing  forca*  are  for  average  dimensions  at  room  taaparatur*. 

At  operating  taapareture  a tharaal  growth  dlffaranca  may  causa  a change  in  tha  relation  between  tha 
aacondary-aaal  outside  dlaaatar  and  tha  lnaida  dlaauter  of  tha  prlaary  aaal.  Huts,  tha  closing  forca 
could  be  a function  of  taaparatur*. 


Equilibrium  Flla  Thicknaia 

In  a rubbing  contact  aaal  the  cloaing  fore*  la  raalatad  by  solid-surface  rubbing  contact;  thua,  a 
total  forca  balance  ia  achieved.  But  In  aalf-actlng  seal*  the  force  balance  la  achieved  without  rubbing 
contact.  Tharafora,  for  a given  daaign  point  tha  seal  will  oparat*  at  a flla  thlcknaaa  such  that  tha 
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total  opanlng  fore#  exactly  balancaa  the  total  closing  force,  and,  as  Illustrated  In  Fig,  11  fron  Ref.  9, 
the  Intersection  of  these  force  curves  gives  the  steady-state  equilibrium  file  thlckneas,  (This  fllo 
thickness  determination  does  not  take  Into  account  dynamic  running  factors  such  as  seat  face  runout  end 
piston  ring  deeping. ) 

lech  operating  point  should  be  checked  for  equlllbrltm  film  thlckueea.  If  these  film  thicknesses  are 
not  satisfactory.  It  may  be  possible  to  adjust  the  closing  force  such  that  ell  operating  points  full  within 
a satisfactory  limit.  Experience  has  shown  that  the  satisfactory  film  thickness  regime  is  about  2.5  pm 
(0.0001  In.)  on  the  low  end  (sons  tolerance  to  thermal  deformation  must  he  maintained)  and  0.0013  un 
(0.0005  in.)  on  the  high  end.  These  limits  are  only  approximate  and  depend  to  a large  extent  on  tha  dy- 
namic and  thermal  condition  to  which  the  seal  is  subjected.  The  high  limit  of  practical  film  thickness  Is 
established  by  seal  dynamics  and  leakage  considerations.  In  particular,  the  primary  ring  response  to  the 
seat  face  runout  becomes  excessive  as  the  mean  film  thickness  Increases  (Ref.  11):  this  is  because  the 
stiffness  of  tha  gas  film  decreases  as  the  film  thickness  Increases. 


Performance  Maps 

Once  the  equlllbriun  film  thickness  Is  found,  the  predicted  leakage  con  be  determined  by  using  tha 
one-dimensional  method  outlined  In  Ref.  5.  By  cross-plotting  the  equilibrium  film  thlckneas  over  the  leak- 
age curves,  a performance  map  can  ba  generated;  and  typical  data  for  the  16.76-cm  (6.60-in.)  diameter  seal 
Is  given  In  Fig.  12  (fron  Ref.  12).  Inspection  of  Fig.  12,  which  covers  a range  of  sealed  praaaure  differ- 
ential from  34  to  276  N/cm2  (50  to  400  pal),  reveals  that  sir  leakage  increases  as  speed  is  increased;  this 
Is  due  to  more  effective  Rayleigh  step  bearing  performance.  Also  for  <ny  given  speed,  as  pressure  is  In- 
creased, the  equilibrium  film  thickness  Increases  slightly.  This  suggests  that  the  net  pnaumoetstic  force 
(pressure  gradient  across  the  sealing  dam  minus  tha  closing  force  due  to  the  sealed  pressure)  Is  decreasing 
slightly. 

Performance  maps  (Fig.  13)  for  e smaller  seal  (6.44  cm  (2.54  In.)  nominal  diameter)  are  similar  except 
that  the  design  selection  of  the  pnuumoatutic  force  balance  lad  to  a decreasing  film  thickness  with  in- 
creasing pressure.  Figure  14  shows  the  construction  details  of  a small  dlsmater  seal  design. 

Care  is  taken  to  Insure  flatness  of  the  sealing  surfaces  after  assembly.  The  seal  seat  Is  keyed  to 
the  shaft  spacer  and  is  axially  clamped  by  a machined  bellows  which  exerts  e predetermined  damping  force, 
thus  minimising  distortion  of  tha  seal  aaat.  The  bellows  also  acts  as  a static  seal  between  the  east  and 
tha  shaft  spacer.  Cooling  oil  Is  passed  through  the  seat  to  reduce  thermal  gradients,  and  the  oil  dam  disc 
also  serves  as  s hast  shield.  Uindbacks  are  used  to  prevent  oil  from  approaching  the  sealing  surfaces, 


Inlet  Effects 


As  mentioned  previously,  shaft  aasls  for  gases  have  vary  small  sealing  gap  heights  h (direction  per- 
pendicular to  the  leakage  flow),  end  these  era  In  tha  ranga  of  2.5  to  12.5  pm  (0.0001  to  0.0005  In.).  In 
the  direction  of  flow  the  gap  length  t is  relatively  long,  in  the  range  of  1270  pa  (0.05  In.).  In  other 
words  the  leakage  channel  Is  long  and  narrow  with  l/h  ratios  of  ovar  100.  The  mathematical  sspdellng  of 
this  leakage  channel  la  critical,  in  that  tha  validity  of  the  equilibrium  film  thickness  prsdictlon  de- 
panda to  a large  pert  on  the  accuracy  of  predicting  the  pnaumoetstic  opanlng  foroae  on  tha  primary  seel; 
this  is  the  pressure  gradient  which  accompanies  the  leakage  flow.  The  fully  developed  portion  of  the  flaw 
la  readily  obtained  (Ref.  5),  but  the  entrance  region  Ices  date  for  seal  configuration*  end  operation  Is 
generally  not  available. 


Data  with  some  applicability  has  besn  developed  for  gas  lubricated  bearing*.  But  the  flow  In  the 
cavity  region  just  before  the  inlet  of  gas  thrust  bearings  la  generally  different  from  that  before  eeal 
configurations  because  the  flow  to  tha  inlat  of  thrust  bearings  Is  often  e strong  function  of  radius  and 
not  ao  for  seals.  For  this  raaaon  tha  lnlst  condition  In  baarlnga  can  be  sonic  or  tvan  supersonic.  In 
this  regard  aonlc,  or  tupereonlc,  Inlat  flow  is  not  predicted  by  the  seal  mathematical  model  (Ref.  5);  and 
aubaoalc  inlat  flows  era  thought  to  pxavail. 


As  an  Illustration  of  Inlet  effects  the  mathematical  model  of  Ref.  5 was  used  to  calculate  the  pres- 
sure gradient  for  tha  email  diameter  semi  depleted  In  Fig.  14.  Assumed  gap  thicknesses  were  from  2.54  to 
12.7  pm  (0.0001  to  0.0005  In.)  and  the  operating  condition*  assumed  were 


Sliding  speed  198  m/sac 
Sealed  gem  temperature  677  K 
Sealed  gas  pressure  (Pp)  148  M/cm2  aba 
Bearing  cavity  praaaure  (Fg)  25.6  M/cm2  aba 


(6)0  ft/sac) 
(750°  F) 
(214.7  pale) 
(37.1  pels) 


A constant  Inlet  coefficient  of  0.6  was  assumed  for  the  rang*  of  t*P  heights,  and  the  pressure  gradient 
curves  ere  as  thown  In  Fig,  15,  in  which  the  erase  under  the  curves  represent  an  opening  force.  An  lnpor- 
tont  point  Is  tha  Inlet  praaaure  lose;  tha  mathematical  modal  pradicts  that  tha  smaller  leakage  gaps  have 
lees  Inlet  lots  then  the  larger  gaps  (Assuming  the  Inlet  coefficient  it  constant).  The  othsr  point  to  note 
is  that  tha  larger  gaps  are  operating  under  choked  flow  conditions  at  the  exit,  while  the  smaller  gap*  ere 
not  choked.  The  choked  flaw  condition  tends  to  increase  the  area  under  the  curve,  but  tha  inlet  loss  tend* 
to  decrease  the  area  (decrease  closing  force).  The  net  result  le  e smeller  closing  force  exist*  under  the 
curves  for  the  larger  gape.  This  is  beneficial  sines  It  introduces  positive  axial  file  stiffness;  that  is, 
If  tha  Isakaga  gap  closst,  tha  opanlng  force  increases,  and  this  temis  to  hinder  further  closing.  This  1* 

* desirable  feature  since  It  1*  a positive  stabilising  fores  from  a dynaadc  operating  standpoint. 


In  order  to  check  the  Inlet  loss  coefficient  magnitude  which  applies  to  seels,  experiments  wars  mads 
using  * scaled- up  simulated  primary  eeal  with  a fixed  clearance  of  25.4  pm  (0.001  In.).  A schematic  of  the 
test  rig  le  shown  in  Fig,  16,  end  an  example  of  thu  date  obtained  1*  shown  In  Fig.  17  for  a pressure  ratio 
of  10  with  an  upstream  reservoir  pressure  of  62,1  M/cm2  (90  pels).  In  addition  to  the  lnlst  lose  the  pvee- 
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aura  gradient  acroaa  tha  priaary  seal  vaa  Measured  by  taaana  of  a aet  of  email  dlaaeter  pressure  taps. 

Analysis  of  tha  data  shows  tha  Inlet  coefficient  to  be  0.66.  In  addition  the  data  provides  e conven- 
ient check  on  the  accuracy  of  the  priaary  ssal  pressure  gradient  nodal  of  Ref.  5.  Figure  17  shows  sons 
deviation  between  the  measured  data  and  tha  calculated  profile  but  the  agreement  la  good.  It  ahould  be 
noted  that  a alight  convergent  deformation.  If  It  actually  exlete  in  the  rig,  will  produce  tha  deviation 
shown.  And,  In  fact,  analyais  revealed  that  theory  and  experiment  will  agree  exactly  if  a convergent  de- 
formation of  0.0004  radian  la  aaaumad;  and  for  this  case  the  coefficient  drop*  to  0.61.  It  la  apparent 
from  theorotlcal  data  (Fig,  15)  and  measured  data  (Fig.  17)  that  neglect  of  inlet  effect  In  the  mathemati- 
cal modal  for  tha  pxaaaura  gradient  will  result  In  s predlcttd  opening  force  which  le  too  large.  Thla  la 
tha  significant  point  of  tha  data. 


Adverse  Operating  Conditions 

Effect  of  nonparsllel  eeellng  faces.  - Figure  18  shows,  In  an  exaggerated  manner,  tha  axleyantrlc 
coning  diaplacaaant  of  tha  aeal  seat.  (Tha  priaary  ring  could  also  be  coned.)  Thle  type  of  coning  dis- 
placement, which  can  be  caused  by  tharaal  gradients,  results  lu  nonpirallsl  faces  within  ths  prlmtry  seal 
and  tha  self-acting  geometry.  These  nonparsllel  faces  have  a significant  affect  on  load  capacity  of  tha 
self-acting  gaoaatry;  also  tha  primary  seel  opening  force  la  affected.  Thus,  in  design,  tha  equilibrium 
operating  film  thickness  should  slso  bs  calculated  for  anticipated  coning  displacements. 

As  an  axasple  of  tha  affect  of  thla  coning,  cruise  condition  operation  wae  checked  (using  the  methode 
of  Raf.  9)  for  equilibrium  film  thickness  for  a distortion  of  13  pa  (0.0005  In.)  across  tha  self-acting 
pad.  This  Is  a distortion  of  2 allllradiana  and  Is  typical  of  some  seal  operation  (Raf.  12). 

Figure  19  showa  the  aalf-aotlng  lift  force  for  the  2-nilllradlan  distortion  of  the  seat  face.  Note 
that  the  force  la  plotted  aa  a function  of  the  mean  film  thickness  of  tha  eelf-ectlng  pad.  Alsu  plotted 
Is  force  generated  for  a parallel  film,  and  comparison  shows  a significant  reduction  In  lift  force  due  to 
tha  axleyiarntrlc  coning,  especially  at  tha  lower  film  thicknesses. 

As  notsd  previously,  ths  priaary  seal  opening  fores  is  also  affseted  by  nonparsllel  faces;  and  thla 
was  calculated  by  using  an  analysis  similar  to  Raf.  7 for  the  2~allllradlan  distortion.  Ths  rasults  ers 
given  in  Fig.  20.  For  the  divergent  deformation  shown  In  Fig.  18,  there  is  a marked  reduction  In  opening 
fores  ss  tha  film  thickness  dscraassa  (negative  film  stlffnasa).  In  contrast,  for  convergent  deformation 
tha  opening  force  Increases  as  fils  thickness  dacraaesi  (positive  film  stiffness).  However,  In  aircraft 
melnshaft  seals,  tha  divergent  deformation  Is  a natural  tandancy  dua  to  thermal  gradients. 

Finally,  In  Fig.  21  tha  equilibrium  film  thloknaaa  for  a 2 mllllradlan  diatortlon  Is  found  by  finding 
tha  intaraectlon  between  tha  total  dosing  force  and  total  opening  force.  The  mean  film  thickness  le  about 
1.69  pm  (0.00066  In.).  Thus  the  minimum  film  thickness  Is  10.4  pa  (0.00041  In.). 

With  tha  aqulllbriua  film  thickness  values  for  tha  axlaymnatrlc  diatortlon,  tha  gas  laakaga  waa  calcu- 
lated by  using  tha  method  previously  outllnad.  Tha  rasults  revealed  that  tha  leakage  rata  for  ths 
2-allllradlan  deformation  wee  nearly  twice  that  of  ths  parallel-face  csss. 

Hffsct  of  east  fees  runout.  - The  preceding  analyses  were  for  operating  film  thicknesses  that  did  not 
vary  with  time.  This  would  be  the  situation  if  the  rotating  seat  faca  had  aaro  runout.  However,  tha  ssat 
fees  will.  In  gensval,  have  some  runout  (misaligned  with  respect  to  axis  of  rotation);  and  In  particular, 
the  maximum  runout  used  lu  practice  is  of  Interest  lines  It  Will  induce  ths  maximum  time-dupendent  film 
thickness  changes. 

Of  interest,  then,  la  how  the  primary  ring  responds  to  tha  runout  motions  of  tha  asst  face.  This  re- 
sponse determines  the  film  thicknesses  at  any  instant.  Experimental  data  reported  In  Raf.  13  reveal  that 
tha  priaary  ring  can  follow  (dynamically  track)  tha  seat  faca  motion  over  s considerable  range  of  face 
runout*.  Thaaa  data  were  obtained  by  mounting  two  proximity  probes  (90°  apart)  on  tha  ring  retainer  and 
recording  the  change  in  film  thickness  as  a function  of  time.  A schematic  showing  the  probe  location  la 
given  In  Fig.  22.  Some  results  from  Raf.  13  are  given  In  Fig.  23  which  shows  that  for  s seat  face  runout 
of  20  pa  (0.00085  In.)  full-indicator  reading  (F.I.R.),  tha  ring  rasponss  la  In  phasa  and  ths  total  change 
la  film  thickness  le  17  pm  (0.00067  In.)  end  that  tha  film  thickness  varies  circumferentially;  that  le, 
the  film  thickness  le  not  axUymaatrlc  And  is  similar  to  that  daplctsd  in  Fig.  24. 

Thla  nansyamatrlc  angular  misalignment  is  an  Inharsnt  tandancy  because  of  secondary  seal  friction  and 
aeal  head  Inertia,  which  are  Introduced  by  the  tracking  response  to  tha  seat  faca  axial  runout.  Aa  tha 
high  point  of  tha  seat  face  runout  (so*  Fig,  24)  rotates,  the  seal  head  must  move  back,  and  this  Is  rs- 
slstad  by  ths  secondary  seal  friction  and  head  Inertia;  thus  ths  film  thloknass  tends  to  be  smaller  oppo- 
site tha  hlah  point  of  faca  runout.  In  contrast,  tha  friction  and  lnartie  ars  Acting  in  opposite  direc- 
tions At  tha  low  point  (180°  away).  Tharefora,  a rotating  forca  coupla  exist*  which  la  synchronous  with 
tha  face  runout  (if  the  seal  head  Is  properly  tracking  the  seat  notion) ; thla  causaa  the  sealing  face*  to 
have  an  Inherent  angular  misalignment. 

As  previously  Indicated,  nonperallal  faces  causa  changes  In  tha  prassura  gradient  acroaa  tha  priaary 
sasi  and,  therefore,  efface  tha  contribution  of  tha  priaary  aeal  to  seal  stability;  this  contribution  can 
althar  have  a positive  (converging  faces)  or  negative  (diverging  faces)  affect.  Table  II  (from  Rsf.  14) 
outlines  some  of  ths  possible  prlmtry  seal  distortions,  axisymnetric  and  nonaxiaywMtric;  and  the  result- 
ant contribution  for  goal  stability  la  Indlcatsd.  Table  It  was  constructed  for  incompressible  fluid  but 
these  stability  models,  lu  general,  also  apply  whan  aaallng  a compressible  gae.  For  gma  turbine  malnehaft 
seals,  modal  I,  with  ths  sealed  pressure  at  tha  Inside  diameter,  is  probably  tha  most  prevalent  with  tha 
nonaxlsyankatrlc  displacement  (angular  misalignment)  being  produced  by  tha  responae  of  tha  seal  head  to  the 
face  runout  notion*  of  the  meat.  Tha  uwf  aye  trie  portion  of  the  nonparallal  displacement  will  he  dua  to 
tharaal  gradient  which  ariaae  because  of  two  affects)  (a)  the  te^aratura  gradient  between  tha  sealed  gas 
and  the  bearing  cusp,  and  (b)  tha  shearing  of  tha  fluid  film  In  the  primary  seal.  Analysis  suggests  that 
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the  thensal  coning  can  raadlly  predominate,  therefor*,  with  reference  to  nodal  B of  Tabl  II,  0 will  ba 

,’,hV»  and  tha  aaa.l  force  will  ba  dlvargant  ovar  tha  full  360°;  thla  la  a destabilising  condi- 
tion, aiji  overall  aaal  atablllty  oust  ba  provided  by  the  aelf-actlng  geometry  If  rubbing  contact  la  to  ba 

•WfSu  '1.1. 


An'  analytical  prograa  haa  baan  developed  for  tha  purpoaa  of  predicting  primary  aaal  ring  reeponee  to 
aaat  face  runout  (Ref.  11),  Anelyela  of  tha  16-67— ca  (6-60— In-)  diameter  aaal  depleted  In  Fig-  4 revealed 
that  the  primary  ring  raaponae  la  markedly  affected  by  aacondtry  aaal  friction  and  by  inertia  of  the  pri- 
mary ring  aaaaably.  Tha  friction  affect  la  illuatratad  In  Fig.  25;  aa  runout  inaraaaea,  there  la  a fric- 
tion laval  that,  if  exceeded,  will  retard  tha  primary  ring  motion  to  auch  an  extant  that  rubbing  contact 
ijiU  qesur  (line  (1));  aleo  for  tha  higher  face  runouta  there  ie  a friction  level  below  which  tha  inertial 
fortes  are  ao  high  that  tha  primary  ring  cannot  follow  tha  runout  (lina  (2)).  Therefore,  aona  friction  la 
ljm>ably  daalrabla  for  moat  application  becauaa  of  tha  practical  llmita  on  control  of  faca  runouta.  Fur- 
ther, tha  data  auggaat  that  the  primary  ring  aaaaably  inertia  ehould  be  kept  aa  aaall  aa  practical  In  or- 
der to  maintain  good  raaponae  (avoid  unatable  operation). 


In  a detailed  analytic  (Ref.  11)  thraa  different  types  of  noaeplece  reeponaea  ware  revealed  by'  a 
parametric  etudy  uelng  different  nagnitudea  of  aeat  faca  runout  and  aecondary  aaal  friction.  Theae  three 

caaea  are 


Caaa  1 - Primary  ring  motion  dupllcataa  aaat  faca  runout  motion  and  can  be  deacrlbed  by  rotation 
(rooking)  about  two  orthogonal  axea.  However,  becauaa  of  primary  ring  inertia  and/or  friction,  the  face 
of  the  ring  haa  an  angular  mlealignment  with  raapect  to  tha  faca  of  the  eeat.  Therefore,  the  film  thick- 
naaa  between  the  facaa  la  not  uniform  (ace  Tab.  II,  modal  D). 

Caaa  2 - Same  aa  caaa  1 plua  an  additional  axial  vibration  component. 

Caaa  3 - Seal  failure  (film  thlcknaae  reachaa  zero).  Thla  caaa  can  occur  when  tha  frictional  forcaa 

are  either  two  low  (whan  Inertia  forces  are  high)  or  too  high  for  the  available  load  capacity  of  tha  aelf- 
actlng  pads. 

An  analysis  waa  made  of  the  seal  head  dynamic  response  of  the  6.44-cm  (2.34  In.)  diameter  aaal  with  a 
seat  face  runout  of  13  pm  (0.000512  In.)  and  with  secondary  seal  friction  considered.  The  mathematical 
modal  dascrlbed  in  Ref.  11  was  used,  and  tha  data  ara  given  in  Fig.  26,  In  which  the  minimum  film  thick- 
ness la  given  as  a function  of  time  for  a seal  sliding  spend  of  244  m/sec  (800  ft/aec) . Tha  plot  In 

Fig.  26  ahowa  stable  oparaticn  with  a minimum  film  thlcknaae  of  3.6  pa  (0.000219  In.)  waa  achieved  within 

a vary  short  time  span;  stable  operation  of  the  case  1 type  (tracking  without  axial  vibration)  was  pre- 
dicted. 


RXmiMMTAI,  DATA 

16. 76-Cant lMter  (6. 60- In.)  Nominal  Dlsswiter  Seal 

Table  III  (from  Ref.  12)  ahowa  typical  experimental  data  on  the  large  diameter  seal.  The  isaxlmua  com- 
bined condltlona  attempted  In  the  rig  test  were  a sliding  spaed  of  175  m/sec  (575  ft/aec),  a sealed  gas 
teaperature  of  811  K (1000°  F),  and  a sealed  pressure  of  207  N/cm2  gaga  (300  pslg).  This  set  of  data  and 
resulting  posttest  inspection  of  tha  parts  confirmed  the  analytical  predictions  that  ths  seal  would 
function  without  rubbing  contact  at  operating  conditions  expected  in  advanced  engines . 

Figure  27  (from  Raf.  12)  shows  soma  experimentally  obtained  leakage  results  compared  with  the  pre- 
dicted total  leakage  (conblned  primary  and  secondary  seal  leakage).  Tha  correlation  Is  reasonable,  and 
the  experimental  data  show  the  scatter  typical  of  leakage  values  obtained  throughout  the  teat.  This  scat- 
ter in  results  is  due  to  the  etrong  dependence  of  leakage  on  sealing  clearance  (A  very  small  change  in 
clearance  will  produce  a significant  change  In  leakage.  See  formula  (1).) 

In  addition  to  the  performance  evaluation  at  various  operating  condltlona,  the  seal  was  subjected  to 
a 320-hour  endurance  test  (Ref.  15)  at  the  following  test  conditions t 


120-hr  segment 

200-hr  segment 

Sealed  air  tasparatura 

Seeled  pressure  differential 
Seal  velocity 

Spring  load 

775  t (1000°  F) 

138  M/cm2  (200  pal) 

122  m/aec  (400  ft/eac) 

68.5  M (15.4  lb) 

775  K (1000°  F) 

138  H/cm2  (200  pel) 

122  a/sec  (400  ft/eec) 

68.5  M (15.4  lb) 

During  tha  first  segment  of  taatlng,  aeal  leakage  averaged  epprexinetely  0.33  scam  (11.7  scfm)  as 
shown  In  Fig.  28.  During  tha  second  segment,  leakage  averaged  0.40  scam  (14  ecfm)  for  tha  first  100  hours, 
and  Increased  at  tha  rata  of  approximately  0.03  aoaa  (1  sofa)  evary  20  houre  for  the  aacond  100  houra. 

Inspection  of  tha  seal  after  tha  320  hours  suggested  that  the  gradual  Increase  in  leakage  waa  due  to 
alr-antralned  debris  erosion  of  tha  sealing  dan.  (groilcn  due  to  debris  is  discussed  In  tha  following  auc- 
tion.) A profile  trace  of  the  carbon  primary  seal  face  taken  after  120  houra  of  endurance  la  shown  In  Fig. 
29(a).  Tha  deepest  scratch  (air  entrained  debris)  In  ths  sealing  dan  was  approximately  5.08  urn 
(0.0002  In.).  Tbs  average  Rayleigh  pad  waar  for  tha  120-hour  teat  waa  laaa  than  1.27  (in  (0.00005  in.). 

Aftar  tha  aacond  segment  of  testing  the  carbon  primary  ssal  and  seal  seat  were  still  In  good  condition. 
A profile  trace  (Fig.  29(b))  taken  at  the  same  location  as  the  traces  in  Fig.  29(e)  shows  more  shallow 
scratches  2.54  |ia  (0.0001  in.)  deep.  Tha  average  wear  on  the  Rayleigh  pads  for  ths  second  segment  of 
200  hours  was  less  than  1.27  urn  (0.00005  In.). 

Tha  effacte  produced  by  air  entrained  dmbrla  were  checked  by  the  introduction  of  abrasive  particles 


ivro 


(Arlsona  road  duat)  into  the  taat  rig  at  tha  rata  of  3.5  g/hr  over  a 14.5-hour  taat  run.  Data  indicatad  a 
gradual  Incraaaa  Ju  aaal  laakaga  dua  to  vaar  of  the  aaaling  dan  by  the  air  entrained  dirt.  Ho  aignlflcant 
vaar  occurred  to  tha  Kayleigh  atap  pad  portion.  Tha  eroalon  wear  pattern  of  tha  prlnary  aaal  ie  shown  in 
Fig.  30,  which  la  a aurfaca  profile  trace  taken  radially  acroae  the  prlnary  seal.  It  ie  thought  that  tha 
aaaling  dan  wear  aay  procaad  until  tha  leakage  gap  height  hacoaaa  large  enough  to  paae  tha  entrained 
debria. 


6.44-Cantiaatar  (2. 54- In.)  Nominal  Diaaatar  Seal 

labia  IV  containa  gaa  laakaga  data  for  relatively  aaall  diaaatar  self1  acting  aeala  (aae  Fig.  14)  oper- 
ating in  a taat  rig  over  a praaaura  dlffarantial  range  froa  23  to  111  N/cn/>  (34  to  161  pal)  and  a eliding 
•pead  range  froa  91  to  163  a/aac  (300  to  600  ft/aec).  (This  la  a rotative  apaad  range  of  27  300  to  54  600 
rpa.) 

Tha  test  setup  contained  two  aeala,  one  fora  and  ona  aft  of  tha  rig  bearing,  Thia  aiaulatad  a bearing 
conpartaant  in  a aaall  gaa  turbine.  Neither  tha  forward  nor  tha  aft  carbon  noaa  or  aaal  aeat  ahowad  any 
wear  during  thia  evaluation  (Tab.  IV,  froa  Raf.  16).  Thus  tha  aaaling  aurfacaa  ware  aaparatad  by  a gaa 
fila  over  the  entire  aatrlx  of  operating  variables.  This  suggasts  that  tha  gaa  bearing  file  stiffness  was 
aufflciant  to  prevent  rubbing  contact  under  tha  high  inertia  forcaa  which  are  asaoclatad  with  high  rotative 
apaada  (Inertia  forcaa  inoreaaa  aa  tha  square  of  the  rotating  apaad). 

Data  in  Tab.  IV  Indicate  a aaal  laakaga  incraaaa  with  a sliding  apaad  incraaaa  (for  any  given  prea- 
sure  dlffarantial).  thia  leakage  Incraaaa  la  dua  to  a alight  incraaaa  of  the  sealing  gap. 

TV)  further  explore  tha  operating  Halts  of  tha  aaall  diaaatar  aalf-actlng  saala,  500  houra  of  endur- 
ance operation  at  aabiant  taaparature  (-.381  K (225°  F))  was  conducted  aa  follows  (Raf.  16): 


Air  praaaura 
dlffarantial  (nax) 


Hours 

I Speed 

a/a 

tt/aac 

rpn 

1 - 100 

145 

475 

43  000 

100  - 200 

152 

500 

45  500 

200-300 

160 

525 

47  700 

300  - 400 

166 

550 

50  000 

400  - 467 

175 

575 

52  300 

467  - 500 

183 

600 

54  600 

Tha  aaaa  aft  seal  carbon  and  seat  wars  used  throughout  tha  taat,  and  a forvard  carbon  ring  was  uaad 
that  had  previously  operated  for  150  houra. 

Table  V froa  Raf.  16  outlines  taat  raaulta  for  tha  500-hour  run.  Tha  last  run  wan  typical  of  tha  air- 
flow that  can  be  expected  through  two  saala  at  an  air  praaaura  dlffarantial  of  127  N/cn^  (184  pal) ; approx- 
iastaly  0.007  kg/aac  (12  aefa  or  0.015  lb/sac). 

Tha  depth  of  tha  aalf-actlng  gaosatry  was  checked  by  aurfaca  proflla  aaaaursaanta  for  tha  purpoaa  of 
aonltorlng  tha  vaar  process.  The  average  total  vaar  of  tha  carbon  rings  during  tha  500-hour  taat  was  51  pa 
(0.0002  in.)  (Ref.  16).  In  addition  to  endurance  rune,  tha  affect  of  seat  face  runout  was  evaluated  In  a 
10-hour  taat  run  by  using  aeata  which  had  baan  nechtned  such  that  In  tha  asaeablad  state  a full  indicated 
runout  of  50.8  pa  (0.002  in.)  axlstad;  this  aagnltuda  la  twice  tha  uaual  practice  for  conventional  aokla  of 
this  alia  rang*.  Baseline  testa  vara  alao  conducted  on  seal  aneaabllas  which  had  runouts  of  15  pa 
(0.0006  In.).  A coaparlaon  of  laakaga  rates  is  shown  in  Fig.  36-  Haxinun  apaad  was  43  000  rpa  or  145 
n/sar.  (475  ft/aec).  Tha  data  of  Fig.  31  ravaal  a aignlflcant  axial  runout  affect  on  laakaga  rata,  tha 
seals  with  50.8-pa  (0.002-ln.)  east  face  runout  - having  about  three  tlaaa  tha  laakaga  of  tha  aaala  with 
noraal  runout  values  (15  pa  (0.0006  in.)).  Inspection*  after  tha  two  taata,  10  houra  of  baaallne  tasting 
and  10  houra  of  tasting  with  40. 8-pa  (0.0020-in.)  runout,  ravaalad  that  wear  was  Insignificant)  therefore, 
noncontact  operation  was  aalntainad  in  both  10-hour  teats.  Tha  Increase  In  laakaga  over  tha  baaallne  taat 
la  dua  to  a greater  average  fil»  thickness  Induced  by  response  of  the  pr Inary  ring  to  tha  seat  face  runout 
(*an  previous  discussion  on  af facta  of  asat  face  runout). 


Spiral  Groove  Self-Acting  Seal 

Tha  Rayleigh  atap  bearings  of  tha  snail  diaaatar  seal  depleted  In  Fig.  14  ware  replaced  with  a set  of 
■plral  grooves  (sea  Fig.  32),  and  tha  aaal  was  run  at  elaulata  angina  conditions.  Typical  aaal  leakage 
data  ara  shown  In  Fig.  33  (fron  Raf,  17)  for  eliding  apaada  of  182,9  n/aac  (600  ft/aec).  Data  at  other 
eliding  apaada  confined  that  tha  funeral  trend  for  aalf-actlng  aeala  was  a leakage  Incraaaa  as  spoad  in- 
creased. Tha  laakaga,  however,  was  relatively  low  and  considered  vithtn  tha  ueabla  range  for  application 
in  snail  gaa  turbine  anginas. 

A 54-hour  endurance  run  vea  neda  at  148,1  M/cn2  ab*  (213  pale)  sealed  praaaura  and  tha  data  era  given 
In  Tab.  VI.  The  sliding  epaado  ranged  fron  122  to  243.8  n/aac  (400  to  800  ft/aeo),  with  the  najorlty  of 
the  tin*  being  at  213  n/aac  (700  ft/aec).  The  ncxlnun  eliding  apaad  of  243.8  n/aac  (BOO  ft/aeo)  corre- 
sponds to  a nexinum  rotating  speed  of  72  500  rpn. 

Tha  naaaured  wear  In  tha  spiral  groove  region  after  tha  54  houra  of  operation  vae  (Raf.  17) i 

Fbrvard  seal No  naeaufabla  wear 

Aft  seal 1.0  pn  (0.000040  In.) 


Leakage  Rata  Coapariaon  to  Convantional  Seal 

Leakage  taata  war*  nade  on  varioua  convantional  aaala  of  a aire  comparable  to  tha  6.44-ca  (2.54-in.) 
diameter  Rayleigh  ecep  pad  aaal  (Fig.  14);  tha  coapariaon  ia  shown  in  Fig.  34.  In  general,  tha  plot  shows 
that  tha  self-acting  face  aaal  haa  tha  potantial  of  significantly  reducing  laakaga  aa  coaparad  with  tha 
convantional  aaala. 

Of  tha  convantional  configurations,  faca  aaala  allowed  tha  laaat  air  flow  at  high  praasura  differen- 
tials. Circumferential  segmented  aaala  are  aa  tight  as  faca  aaala  at  moderate  operating  conditions;  how- 
ever, experience  and  tha  subject  teat  program  raaulta  have  ahown  that  at  preaaura  diffarantiala  above 
41.4  N/car  (60  pai)  and  apaada  above  107  m/aac  (350  ft/aac),  these  (unbalanced)  circumferential  segmented 
seals  rapidly  wear  out  and  finally  operate  aa  labyrinths.  In  that  caaa  there  la  little  to  chooia  between 
circumferential,  rotating  ring,  and  labyrinth  aaala  in  tana  of  air  flowa. 

To  gain  soma  perspective  of  tha  magnitude  of  air  flow  under  discussion,  angina  experience  haa  shown 
that  excessive  air  flow  into  a bearing  package  incorporating  aaala  of  tha  else  us ad  in  the  teat  program 
would  ba  in  tha  order  of  0.012  kg/ sac  (0,029  lb/aec).  Taking  midpoint  values  of  tha  range  of  pressure 
diffarantiala  in  Fig.  34,  tha  face  seal  could  not  mast  this  criterion  at  pressure  diffarantiala  above  ap- 
proximately 83  N/cn*  (123  pal),  and  tha  limiting  preaaura  differential  for  circumferential  aegaanted  aaala 
(which  wear  rapidly),  rotating  ring  aaala,  and  aiapla  labyrinths  would  ba  approximately  40  M/cm*  (38  pai). 
The  salf-acting  aaal,  however,  did  not  reach  tha  limiting  leakage  rata  and  had  a laakaga  of  0.0046  kg/sac 
(0.0102  lb/sao)  at  a praasura  differential  of  107.6  N/ea"  (136.0  pal).  In  ganaral  tha  amlf-acting  aaal 
had  about  ona  third  the  laakaga  of  tha  convantional  faca  seal. 


CONCLUDING  REMARKS 

Self-acting  aaala  ara  described,  and  thair  potantial  for  masting  operational  requirements  of  gas  tur- 
bine anginas  la  explored  by  meana  of  predictive  analysis  of  thair  operation  at  sealing  apaad,  praasura, 
and  temperature  conditions  which  would  ba  iapoaad  by  tha  angina,  In  particular,  tha  analytical  procedure 
la  given  for  predicting  tha  laakaga  and  operating  film  thicknesses.  Performance  maps  for  two  aaal  sixes 
ara  given;  these  era  a 16.76-cm  (6.60-in.)  nominal  diameter  aaal  suitable  for  large  anginas  and  a 6.44-cm 
(2.54-in.)  diameter  aaal  for  amall  anginal.  Tha  analysis  and  subsequent  operation  of  these  aaala  under 
simulated  gaa  turbine  conditions  ravaalad  tha  following; 


1.  Analysis 

a.  Noncontact  operation  with  acceptable  laakaga  is  predicted  over  tha  range  of  angina  operation  con- 
ditions (idle,  takaoff , climb,  and  cruiaa)  for  both  aaal  sixes. 

b.  Tha  predicted  operating  film  thickness  of  tha  16.76-cm  (6.60-in.)  diamatar  aaal  ranged  between  4.6 
and  11.9  pa  (0.00018  and  0.00047  in.)  for  Idle,  takaoff,  climb,  and  cruiaa. 

c.  Tha  calculated  aaal  laakaga  rataa  of  tha  16.76-cm  (6,60-in.)  disaster  aaal  ranged  between  0.01  and 

0.40  some  (0.4  and  14.0  acfm)  for  idle,  takaoff,  climb,  and  cruise. 

d.  For  a typical  operating  condition  noncontact  operation  was  predicted  under  tha  aaauaption  of  a 
2-mllllradlan  faca  deformation.  Gee  laakaga  was  about  twice  that  for  parallal-faca  operation. 

a.  Analysis  ravaals  that  tha  praasura  drop  in  tha  lnlat  to  tha  priamry  seal  gives  rise  to  a positive 
film  etiffnaaa  and  haa  a significant  affect  on  aaal  opening  forco  magnitude. 

f.  Proper  tracking  of  tha  seat  faca  runout  by  tha  carbon  ring  la  predicted  for  practical  lavala  of 
face  runout  magnitudes. 


2.  Experiment,  Simulated  Engine  Operation 

a.  In  ganaral  tha  salf-acting  aaala  operate,  aa  predicted,  without  rubbing  contact  over  tha  range  of 
simulated  angina  operating  conditions.  Of  particular  intaraet  was;  (a)  tha  noncontact  operation  of  tha 
16.76-cm  (6.60-in.)  diamatar  aaal  at  tha  advanced  angina  conditions  of  a 152-m/aec  (500-ft/sao)  sliding 
apaad,  a 345-N/ca2  (500-pal)  sealed  praasura  differential,  and  a 811  K (1000°  F)  sealed  air  temperature 
and  (b)  tha  noncontact  operation  of  tha  6.44-cm  (2.54-in.)  diamatar  aaal  at  a 243.8-a/eeo  (800-ft/sac) 
sliding  apaad  and  a 148.1-N/cm*  (213  pai)  saalad  praasura  level. 

b.  Tha  self-acting  faca  aaal  leakage  was  significantly  lowar  than  that  of  convantional  seal  types. 
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TABLE I 
G oeing  Force 


Daalgn  point 

Idle 

Takeeff 

Seeled  gee  tesperatur* 

Seal  eliding  speed . . . . 

Seeled  preaaura,  P,  

8«j4a4~pr*aaur«  oldilng  foroa,  r * . . . 

P 

Spring  force,  F( 

toui  oioiiot  feiroB*  F.  ■ r -f  r . . * . 

t p ■ 

311  X (100°  r> 
122  e/aac  (200  ft/aao) 

13  N/ee2  e (S3  ptia> 
31.5  X7cm2  (50  pal) 

160.6  N (36.1  Ibf) 
71.2  N (16  lbf) 

231.7  M (32.1  lbf) 

977  X (1300°  F) 
137  m/aac  <130  ft/aac) 
217  N/c»2  * (316  pale) 
207  N/cm2  (300  pal) 
963.1  N (216.6  lbf) 
71.2  X (16  lbf) 
1031.6  N (232.6  lbf) 
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TABLE  II 

Sul  Stability  Model* 
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TABLE  III 

Typical  Te«t  Data  for  16.76-centimeter  (6.60.-in.)  Nominal  Diameter  Seal* 
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TABLE  IV 

Self-Acting  Face  Seal  Evaluation 
[6.44-cm  (2.54-ln.)  nominal  diameter  teal.] 


Actual  total  air 

laakaaa 

anaaXlO2 

aofla 

13.0 

31.9 

14.3 

34.9 

17. e 

37 .8 

is. a 

39.9 

19.* 

41.3 

26.6 

36.4 

27.8 

39.0 

17.  Z 

36.3 

17.3 

37.0 

16.3 

33.0 

16.3 

33.0 

17.9 

38.0 

1 ipaad 

Air  praaaura 

Alrflew 

laal 

ditfaraatial 

(two  aaala) 

taaparatura 

a/aae 

It/aae 

■/on2 

pat 

k*/aae 

— 

lb/c«o 

K 

°r 

91 

300 

23.4 

34.0 

<21.0006 

0.0013 

333 

140 

122 

400 

23.1 

33.3 

<.0006 

<,0013 

332 

174 

132 

300 

23.1 

33.3 

<.0006 

<,0011 

371 

210 

163 

600 

22.1 

32.0 

.0011 

.0024 

392 

246 

91 

300 

111.4 

161.3 

.0023 

.0030 

364 

196 

122 

400 

110.7 

160.3 

.0032 

.0070 

373 

213 

132 

300 

109.6 

139.0 

.0034 

.0079 

316 

236 

163 

600 

107.6 

136.0 

.0044 

.0102 

402 

263 

TABLE  V 
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*Vlr  laakaga  raaulta  include!  leakage  through  actinia  flttlage. 


TABLE  VI 

Endurance  Teat  for  6.44-Centimeter  (2.544n.)  Diameter  Spiral  Self-Acting  Seal 
(Sealed  air  preaaure,  148  N/cm1  aba  (21 5 paia).] 
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Fig.6  Mathematical  model  of  primary  aeal 


Fig. 7 Preaaute  gradient  in  primary  aeal,  illuatrating  choked  and  nonchoked  flow.  Parallel  facea; 
mean  film  thickneu  hm  , 0.0010  centimeter  (0.0004  in.).  (From  Ref.9) 


<0.001  IN.) 

VIEW  B-B 

Fig.8  Mathematical  model  of  aelf-ecting  pad  witt.  curvature  effecta  neglected 


16-18 


OPENING  FORCE 

CLOSING  FORCE 


MEAN  FILM  THICKNESS, 

•««,.  IN. 

Fig.  1 1 Equilibrium  gai  film  thickneia  u determined  by  total  leal  opening  and  doling  force*. 

Parallel  face*  (from  Ref.9) 


Fig.  1 2 Primary  aeal  leakage  as  /Unction  of  film  thickneaa.  Nominal  diameter  aeal  (from  **ef.  1 2), 
16.76  cm  (6.60  in.);  aeal  air  temperature,  700  K (800*  F);  spring  force,  75  N (17  Ibi) 
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3.  SPRING  PIN 

S.  OIL  DAM  AND  KAT  SHIELD 

4.  HOUSING 

9.  ROTATING  SEAT 

5.  CARRIER 

10.  NOSEPIECE 

FI|.I4  ScIf-actinK  face  »c*l  deaign,  6.44  cm  (2.54  In.)  nominal diameter 
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Fig.15  Calculated  radial picmire gradient  across  primary  teal.  Seal  diameter,  6.44  cm  (2.5  in.); 
sealed  gai  temperature,  672  K (750°  F);  aprinf  force,  31.1  N(7.01bf);  sliding  speed, 

192  m/s  (6S0  ft/s);  assumed  inlet  coefficient,  0.6 
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Fig.16  Schematic  of  test  rig  for  measurement . effect  and 
pressure  gradient  across  the  primar  y seal 


NONPARALLEL FACES,  2-MILLIRADIAN 

FACE  DEFORMATION 
PARALLEL  FACES 
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3456  TxlO"4 
MEAN  FILM  THICKNESS  OF  SELF- 
ACTING PAD,  hffl.  IN. 

Fig.  1 9 Lift  force  of  aelf-aoting  geometry.  Number  of  pads,  20;  pad  depth,  0.0025  centimeter  (0.00 1 in.); 
fluid,  air.  Sealed  pressure,  148  N/cm1ab((215  pda);  sliding  speed,  153  metenperiecond  (500  ft/iec); 

fluid  temperature,  700  K (800s  F) 
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Fig.20  Opening  force  acting  on  primary  ring  anembly,  waled  fluid,  air.  Sealed  presiure,  148  N/emJ  (2 1 5 pda); 

fluid  temperature,  700  K (800*  F).  (From  Ref.9) 
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Fig, 21  Equilibrium  gaa  film  thickness  aa  determined  by  total  opening  and  doting  foroea  for  2-milliradian  face 
deformation.  Sliding  speed,  1 53  meter*  per  second  (500  ft/sec);  sealed  pressure,  148N/cm*ebi(2I5  pda); 

sealed  gaa  temperature,  700  k (800*  F) 


Fig, 22  Schematic  showing  proximity  probe  location 


Fig.23  Oscillograph  traces  showing  response  of  ring  to  seat  face  runout,  Recess-pad  length  to  land-length  ratio, 
2:1;  recess-pad  depth,  0.001 3 centimeter  (0.0005  In.);  sliding  velocity,  6 1 meters  per  second  (200  ft/sec); 
ambient  pressure,  10  newtons  per  square  centimeter  (14.7  lb/in.3 );  room  temperature,  300  K (80°  F); 
spring  load,  1.13  kilograms  (2.501b).  (FromRef.13) 


Fig.  24  Angular  misalignment  of  waling  face*,  non sxLsymme trie  waling  gap 
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SEAT  FACE  RUNOUT 


Fig.25  Typical  stability  map  of  primary  ring  response  to  seat  face  runout 


Fig.26  Minimum  clearance  from  start-up  (time  - 0)  for  6.44  cm  (2.S  in.)  nominal  diameter  seal; 
sliding  speed,  244  m/sec  (800  ft/seo) 


SEAL  OiMRENTIAL  PRESSURE,  pal 


Fig. 27  Seal  leakage;  1 6.76  om  (6.6  In.)  nominal  diameter  eeal,  (Ref.  I S) 
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AIR  TEMPERATURE  775  K UOOOP  F) 

SEAL  VELOCITY  122  m/$ec  (400  ft/sec) 

DIFFERENTIAL  PRESSURE  138  N/cm2  (200  psl) 
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ENDURANCE  HOURS 

Fig. 28  Air  leakage  for  120-hour  endurance  teit  .,f  16,76  cm  (6,6  in,)  nominal  dia  seal  (Ref.  IS) 
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to)  AFTER  200  hr  OF  ENDURANCE;  TOTAL  TIME  n SEAL  338,5  hr. 

Fig.29  Representative  profile  trace  radially  acroaa  a Rayleigh  pad  and  primary  seal  after  200  hour*  of  endurance. 

Total  time  on  teal  338.5  hours,  (From  Ref.  15) 
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Fig. 30  Representative  profile  trace  taken  radially  across  the  face  of  the  carbon  ring  at  completion  of  air  entrained 

dirt  teat.  Total  teat  time,  14.5  hours 
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Fig, 31  Airflow  through  two  seals  aa  function  of  pressure  differential  at  145  m/s  (475  ft/s)  for  seat  faco  axial 

runout  testing  (Ref.  1 6) 


Fig. 32  Spiral  groove  self-acting  seal 
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DISCUSSION 


J.G, Ferguson,  UK 

Have  you  had  any  problems  in  your  secondary  seals  especially  in  the  case  where  you  have  got  run-out? 

Author’s  Reply 

. In  answer  to  the  question  by  J.C.Ferguson  on  secondary  seal  problems  in  the  self-acting  seal,  problems  generally 
start  to  show  up  when  attempting  to  seal  high  pressures  (over  275  N/cmJ)  and  high  temperatures  (over  677  K). 

In  general,  there  have  been  no  problems  with  the  secondary  seals  (carbon  material)  in  the  6.44  cm  diameter  seal 
tests.  However,  secondary  seal  problems  (carbon  rings  and  metal  rings)  have  been  noted  in  the  16.76  cm  seal 
diameter  when  operating  at  high  pressures  and  temperatures.  Test  runs  have  been  made  under  high  levels  of 
runout  axial  motion  in  both  the  6.44  cm  and  16,76  cm  seal  and  no  secondary  seal  problems  that  were  attributable 
to  the  axial  motion  were  noted. 


B.Wrigley,  UK 

The  paper  states  that  film  stiffness  at  idle  is  satisfactory  but  huve  high  altitude  conditions  at  high  engine  speed 
been  examined? 

Author’s  Reply 

At  high  altitude  conditions,  no  problems  in  film  stiffness  are  anticipated  since  the  sliding  speed  is  adequate  and 
the  pressure  is  such  that  the  fluid  viscosity  is  also  adequate.  From  a sliding  speed  standpoint,  tests  have  shown 
that  lift-off  occurs  at  relatively  low  sliding  speeds;  also  numerous  tests  which  have  been  run  at  the  relatively  low 
sliding  speed  of  61  m/sec  (200  ft/sec)  with  both  the  16,7  cm  and  6.44  cm  seals,  demonstrated  that  operation 
occurred  without  rubbing  contact.  From  a fluid  viscosity  standpoint,  a significant  decrease  In  the  self-acting 
force  will  not  occur  until  the  pressure  reaches  very  low  values  (probably  less  than  3.5  N/cmaa  (5  psia)). 


D.C. Whitlock,  UK 

How  does  the  heat  generation  (particularly  heal  into  the  oil  system)  for  the  self-acting  seal  compare  with  that  for 
conventional  carbon  face  seals  operating  under  similar  conditions? 

Author’s  Reply 

Your  question  raises  an  important  point.  When  the  three  seul  systems,  labyrinth,  conventional  rubbing,  and  the 
self-acting  seals  are  analyzed  for  heat  load  into  the  lubrication  system,  wc  find  that  the  labyrinth  seal  adds 
considerable  heat  because  of  the  relatively  high  leakage  of  hot  air  into  the  bearing  compartment.  On  the  other 
hand,  the  rubbing  seal  has  relatively  low  leakage,  but  adds  considerable  heat  into  the  lubrication  system  by  virtue 
of  the  high  speed  rubbing  contact.  In  contrast,  the  self-acting  seal  has  both  low  leakage  and  low  sliding  heat 
generation,  and  there  is  a considerable  reduction  of  heat  to  the  lubrication  system.  This  consideration  becomes 
important  for  thosr  systems  (such  as  some  supersonic  operation)  in  which  there  Is  competition  for  the  heat  sink 
capacity  of  the  fuel. 


J.C.Ferguson,  UK 

Does  this  seal  you  have  described  cater  for  gross-axial  movement  which  can  sometimes  occur? 

In  other  words:  due  to  the  thermal  differential  expansion  you  encounter  an  axial  shift  of  the  rotor  and  the  seal 
has  to  follow  this.  Have  you  had  problems  when  this  occurred? 

Author’s  Reply 

Following  the  gross-axial  movement,  either  due  to  differential  thermal  expansion  or  surge  motion,  should  present 
no  problem  since  adequate  axial  motion  length  can  be  designed  into  the  seal,  and  the  stiffness  of  the  self-acting 
gas  bearing  is  sufficient  to  prevent  rubbing  contact.  There  is  some  test  experience  that  relates  to  this  question  of 
operation  under  axial  motion  and  this  was  obtained  when  the  rig  thrust  bearing  failed  in  two  tests.  In  both  cases, 
the  seals  survived  the  bearing  failure  and  associated  axial  motion  without  excessive  wear 


G.A.Hallt,  UK 

Both  this  paper  and  the  one  delivered  by  Professor  Dini  deal  with  very  similar  solutions  to  almost  identical  problems. 
That  is  self-adjusting  seals  to  control  bearing  chamber  seal  leakage.  Would  both  authors  comment  on  the  differences 
and  similarities  in  their  approaches  to  this  problem. 

Author’s  Reply 

Both  papers  cover  the  same  self-acting  seal  concept.  However,  Dr  Dint',  shows  in  detail  how  the  seals  may  be  applied 
to  n particular  gas  turbine  engine.  I particularly  like  Dr  Dini’s  application  approach  since  it  provides  a fail-safe  test 
of  the  concept.  That  It,  If  the  self-acting  geometry  is  eroded  away  by  air  entrained  dirt,  then  the  seal  act*  as  a 
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by 


Dino  Dini 

Istituto  di  Hacchine,  UniversitJ  dl  Pita,  Italy 


SUMAXY 

A aora  effective  and  improved  angine  sealing  syotem  i*  analyzed  and  diicusaed  for  application  to  an  ad- 
vanced high  p re  it ura  engine. 

Very  high  leakage  result*  in  labyrinth  teal  applied  at  high  preeaure  and  tanparature  location*  of  high- 
perfonaence  enginua.  A solution  to  thie  thortconing  i*  offered  by  a self-acting  lift  pad  etal  added  to 
the  primary  aealing  surface,  enabling  a very  thin  gat  film  aeparation  of  the  surface*  during  ahaft  rota 
tion. 

Detail!  of  construction  and  design  to  operate  at  a clearance  lets  than  l/10th  that  associated  with  laby- 
rinth Heals  ere  giver,  in  the  paper.  Operation  was  obtained  at  a rotating  speed  of  600  ft/aec  and  a 
reeled  air  temperature  of  600  *F. 

The  maximum  speed  and  pretture  capability  ia  at  present  tested  for  use  in  high-pressure  engine  applica- 
tions. 


INTRODUCTION 

The  operation  of  shaft  seals  in  high  pressure  turbo-engines  ia  not  yet  fully  understood. 

A large  gas  turbine  engine  can  have  hundreds  of  major  and  minor  seals  for  restricting  gas  leakage,  pro- 
viding thrust  balancing,  metering  cooling  gaa  flow,  and  protecting  bearings  end  other  mechanical  compo- 
nent! . 

In  addition  to  being  uaad  for  cooling  purposes,  air  from  the  compressors  is  uaad  to  seal  tha  bearing 
housing!,  ao  preventing  the  leakage  of  oil  into  the  engine  main  casings  or  into  the  conprasaor  inlat. 
This  ia  achieved  by  directing  the  air  acrosa  the  bearing  oil  eala,  the  flow  being  inward  towards  tha 
bearing  or  oil  supply,  thus  preventing  tha  escape  of  any  oil.  An  oil  seal  reduce!  tha  working  clear- 
ance between  tha  rotating  and  static  member*  to  a minimum  value.  Oil  and  air  aaals  may  be  of  various 
forms, 

The  air  that  antara  tha  oil  system  from  the  various  pressurized  oil  seal  create  a small  positive  pres- 
sure to  assiat  the  oil  return  system.  The  air  is  finally  separated  from  tha  oil  by  a de-aerator  sys- 
tem, which  sow  timet  incorporates  a centrifugal  breather,  from  which  is  vantad  outboard. 

For  exaaple,  in  the  two  spool  gaa  turbine  engine  T53  AVCO- Lycoming  of  figure  1,  three  compartment  teals 
ere  located  adjacent  to  the  engine  main  shaft  bearings,  and  ere  the  compressor  bearing  compartment  seal 
end  the  turbin*  compartment  seals.  Tha  turbine  bearing  compartment  shaft  seals  present  critical  prob- 
lem* to  minimize  high-pressure  sir  leakage  into  the  compartment.  This  seal  it  face  pressurized  by  com 
pressor  discharge  sir,  used  to  isolate  th*  bearing  compartment  from  the  hot  environment. 

Tha  intamal  cooling  system  provides  cooling  air  to  the  internal  engine  components  and  pressurizes  th* 
No.  1 and  2 main  bearing  seals  and  the  intsrshaft  oil  seal.  Internal  cooling  and  pressurization  air 
is  obtained  from  five  different  pressure  and  tanpsratur*  supplies:  from  the  fourth  stage  compressor 
spacsr;  treat  the  tip  of  th*  centrifugal  coapraaaor  impeller;  from  the  edge  of  th*  combustion  chamber 
deflector;  from  the  arse  surrounding  the  gas  producer  and  povar  turbine  asieubliss;  and  from  external 
air  through  th*  hollow  atruts  of  ths  exhaust  diffuaar.  Compressed  air,  bled  from  the  tip  of  th*  cen- 
trifugal coapraaaor  impeller,  cools  th*  forward  fact  of  tha  diffuser  housing  and  pressurizes  th*  No.  2 
bearing  forward  atal,  continuing  rearward  through  transfer  tubes  in  the  bearing  housing  to  pressurize 
the  No.  2 aft  oil  seal.  It  also  passes  through  a series  of  holes  in  the  raar  compressor  shaft  into  the 
space  between  the  rotor  assembly  and  the  power  shaft.  At  this  point  it  separates  into  three  separata 
flow  paths,  on*  of  which  flows  forward  into  an  arts  between  tha  carbon  alaamnts  of  tha  No.  1 bsaring 
seal  *nd  continues  on  th*  aft  face  of  th*  intsrsheft  seal,  located  forward  of  th*  No.  1 bsaring. 

The  No.  1 bearing  seel  ia  an  internally  praaaurirtad  seal.  Th*  radial  labyrinths  on  tha  forward  face  of 
the  asal  body  ar*  designed  to  work  in  conjunction  with  labyrinths  on  th*  paddle  pump  to  reduce  tha  flow 
of  oil  to  the  positive  contact  portion  of  ths  seal.  The  positive  contact  portion  contains  carbon  ala- 
manta. 

Tha  No.  2 be  tring  package  contains  positive  contacts  of  aaals  and  a controlled  gap  air  seal. 

A*  th*  feed  oil  is  distributed  to  all  the  ns csss ary  parts  of  th*  angina,  a substantial  amount  of  seal- 
ing air  aixat  with  it  and  incraaaaa  its  velum*.  There for*,  to  prevent  ths  flooding  of  tha  bearing  hous 
ings,  it  1*  necessary  to  usa  mors  than  on*  pump  to  return  or  tcav  ng*  it  to  th*  oil  tank.  Thi*  is  a- 
chisvsd  by  using  a pack  of  pumps,  each  of  which  returns  tha  oil  frost  a particular  sactioa  of  tha  angina. 
To  protact  th*  p arp  gears,  each  return  pip*  is  provided  with  a strainer  that,  during  impaction,  can  tm 
vacl  th*  failure  or  islanding  failure  of  « coaponsnt. 
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However,  Ref.  2 and  3,  main  ahaft  sealing  la  becoming  increasingly  critical  in  advanced  gas  turbine  for  hej. 
icopters.  As  ahaft  speeds,  air  teeparatures,  and  air  praaaures  increase;  engine  size  has  decreased,  leav- 
ing loss  envelope  to  accomplish  the  sealing  function.  Because  of  their  non-contacting  feature,  labyrinth 
seal*  offer  infinite  life;  however,  at  high  preaaurea  and  tamperetures,  simple  labyrinths  will  not  suffice, 
and  complicated  multistage  labyrinths  must  be  used. 

Labyrinth  seale  comprise  more  stages  of  rotating  knife  edges  that  act  as  flow  restrictors  against  rigid 
stationary  surfaces.  The  gap  between  the  knife  edge  and  the  stationary  surface  must  be  large  enough  to 
accomodate  large  dynaauLc  motions,  distortions  of  the  ahaft,  and  high  leakage  in  high-performance  engines. 
Oil  is  entrained  as  the  leakage  vents  out  of  the  engine.  Venting  and  pressurization  passages  are  costly 
to  produce. 

In  order  to  overcome  these  higher  airflows,  which  must  ba  absorbed  by  the  lubrication  system,  face  contact 
■eels  are  sometimes  used.  In  this  application,  a saal  ring  aaeembly,  with  a carbon  sealing  surface,  is 
held  against  a rotating  aaal  seat  that  ii  attached  to  the  shaft.  The  non-rotating  seel  ring  assembly  can 
move  axially  to  adept  motions  of  the  eaal  seat.  However,  the  face  contact  seel  is  pressure  end  (peed  lim- 
ited by  dm  high  heat  generation  and  subsequent  susceptibility  to  veer  or  to  determine  other  surface  failure! 
that  can  result  from  the  rubbing  contact. 

The  self-acting  lift  pad  seal  he*  much  greeter  pressure  end  speed  capability  then  face  contact  seale,  and 
gives  lower  leakage  than  either  labyrinth  end  face  contact  seal*.  A self  acting  lift  pad  geometry,  added 
to  the  primary  saaling  surface,  permits  positive  separation  of  the  sealing  surfaces  during  rotation  by  a 
very  thin  gee  film,  in  the  range  of  0.0001  to  0.0005  in.  Stability  and  performance  of  this  self  acting 
eaal  ere  of  particular  interest  at  rotative  speeds  to  50,000  rpm,  where  high  inertia  forces  are  induced  on 
the  high  pressure  end  temperature  gee. 


SILT-ACT  IDS  LITT  PAD  SEAL 

Thia  type  of  sealing,  figure  2,  a finite  width  pad  seeling  with  aide  step  to  .limit  leakage,  offers  the  sig 
nificant  advantage  of  large  tolerance  to  wear,  no  moving  parts  end  the  capacity  to  be  used  as  both  a hy- 
drostatic end  hydrodynamic  seeling.  The  desired  operating  gap  between  rotating  and  stationery  numbers  of 
the  seel  it  generated  by  a properly  designed  hydrodynamic  pattern  on  the  aaal  ring  surfaces.  Circunfer- 
antial  steps  and  receaaad  pads  (pocket «)  ere  typical  aaal  ring  patterns  uead  to  establish  hydrodynamic 
face  separation,  such  as  shrouded  Rayleigh  atap  bearing*.  During  shutdown  or  period  of  non-rotation,  the 
primary  saal  ring  is  held  in  contact  with  the  seat  (rotating  ring)  by  compression  spring.  Thus,  positivs 
staling  is  maintained. 

Like  in  a shrouded  step  thrust  bearing,  the  aide  steps  have  the  purpose  of  limiting  ths  aide  leakage  from 
rht  pockets  (recessed  pad  areas),  and  this  shrouding  action  (lifting  force)  gives  the  eaal  its  name,  Ths 
pads  are  arranged  on  the  annular  thrust  aurfaca  with  a radial  faad  groove  (drain  pataaga)  between  each 
pad  and  it*  neighbor*.  The  recessed  pad  area  ie  depressed  an  amount,  approximately  0.001  inch  deep,  be- 
low the  otherwise  uniform  lifting  surface  (aid*  step).  As  the  teal  clearance  between  face  may  so  amall  at 
0.0002  inch  (less  than  l/10th  to  1/lOOth  that  relative  to  labyrinth  eeala),  a significant  amount  of  atten- 
tion has  been  paid  to  potential  thermal  and  mechanical  distortion  of  theae  eaal  system*,  Ref.  4.  The 
sealed  pressure  p is  imposed  by  the  gee  supply.  Ambient  tump  pressure  pj  surrounds  the  seeling  dam.  Seat 
rotation  ie  anti-clockwise. 

During  hydrostatic  operation,  gas  under  pressure  ie  supplied  to  the  recessed  pad  area  via  the  radial  feed 
groove.  During  hydrodynamic  operation  (rotation  of  ths  seat),  the  high  pressure  ga*  is  dragged  into  the 
pad  end  compressed  ae  it  passes  over  the  step.  The  resulting  lifting  action  separates  the  primary  seal 
ring  and  the  rotating  ring.  The  stiffness  uf  the  gss  film  between  faces  results  in  a stable  equilibrium 
configuration  for  a properly  designed  teal  at  operating  condition*. 

These  mechanical  face  aeale,  operating  without  rubbing  contact,  have  the  obvious  advantages  of  longer  lift 
and  reliability  end  lower  power  requirements . From  the  other  hand,  there  is  a maximum  frequency  at  which 
a typical  non- contacting  face  eaal  may  be  run  in  the  presence  of  axial  runout.  Ae  e result  of  axial 
runout,  contact  will  occur  between  rotor  end  stator  when  the  stator  it  no  longer  able  to  dynamically  track 
the  wobble  motion  of  the  rotor.  This  will  happen  when  e rotor  angular  velocity  is  reached  whore  the  ga* 
film  wedge  between  stator  and  7otor  ie  not  able  to  generate  the  torque  required  to  enable  the  ttetor  to 
track  Che  rotor. 

Conventional  face  contact  entlt,  presently  used  in  gas  turbine  engines,  axe  generally  limited  to  sealing 
pressure  less  then  200  psi,  at  eliding  velocities  below  400  ft/sec,  and  ges  temperature  of  200*F. 

Surface  speeds  to  500  ft/sec,  differential  pressure  to  500  psi,  end  sealed  air  temperature  to  1,300°F, 
have  been  domostrated  with  islf-acting  lift  pad  seels  for  sdvenced  aircraft  engines. 

Gas  film  seel  performance  and  analysis  ere  considered  in  Ref.  2 to  11,  where  solution  of  compressible  flu 
id  : low  acroa*  shaft  face  stale  with  deformation  era  obtained  from  an  approximate  integral  analysis,  pre- 
dicting ga*  film  seal  behavior  operating  at  subsonic  or  choked  flow  condition*.  Laminar  or  turbulent 
flow  regimes,  entrance  losses,  fluid  inertia  effects,  sealing  face  deformation  end  lip  motion,  heat  traps 
far  and  subsequent  stress**,  pressure  balancing  of  gee  film,  designs  end  experiment*,  have  been  object  of 
detailed  development  for  application  on  aircraft  advanced  gee  turbine  engines. 

Kuch  significant  analytical  work  be*  beau  done,  as  indicated  by  the  Reference*  at  tha  end  of  this  paper, 
to  provide  the  engineer  with  rational  f unde t ions  for  the  design  of  ges  film  bearings.  To  renwv*  the  reatric 
tions  of  incompressibility  v#  oust  derive  a more  general  form  of  the  Beynold*  equation,  Ref.  12. 
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UIIGN  8TWBT  FOR  MAINSUAFT  SEALS  APPLICATION 

Became  of  high  reliability,  low  leakage  and  stable  gaa  interface  on  the  rotating  parts  (to  speeds  as  high 
as  20,000  rpa  or  nor*) , requirements  in  the  design  of  mainshaft  seals;  conventional  rubbing  contact  typea 
ara  abandoned  in  favor  of  non-contacting  type  aeala. 

Leakage  is  miniaiaad  priaarely  by  the  introduction  of  external  forces  on  the  leakage  gas;  axial  forces 
(self-acting  lift  force,  spring  force,  and  pneumatic  forces  due  to  the  sealed  pressure)  in  the  case  of  the 
shrouded  step  seal,  centrifugal  forces  in  the  alinger  seal,  and  viscous  shear  forces  in  the  cate  of  the 
screw  seal. 

These  kinds  of  non-contacting  seals,  and  new  seal  concepts  of  lahyrinth  stages,  are  under  teat  in  our  lab- 
oratory. 

The  test  rig,  figure  3,  permits  simultaneous  operation  of  two  teal  staples  at  the  side*  of  a split  inner 
race  ball  bearing.  During  normal  operation,  dasirad  air  pretaura  is  maintained  into  the  cavities  com- 
prised between  the  ball  bearing  and  the  refrigarant  sides  of  the  seals,  and  the  air  that  leaks  is  passed 
into  the  sump.  I.*.,  a pressure  differential  is  available  to  derive  refrigerant  gas  into  the  sump.  It  it 
raquirad  that  the  tunp  pressure  ba  maintained  clot*  to  the  pressure  in  chamber  B during  norami  operation. 
Therefore,  the  seal  leakage  must  be  vented  from  the  sump  back  to  the  refrigerant  loop  as  shown  in  figure 

3.  It  is  required  to  pass  the  vented  refrigerant  through  a fine  mesh  filter  to  trap  the  oil  particles. 

The  test  rig  simulates  the  effects  on  the  stale  with  a simple  open  loop  configuration. 

The  important  measurements  pertinent  to  evaluating  teals  performance  ara  seal  leakage  rata,  which  ia  meas- 
ured with  calibrated  flew  meters,  and  ssals  temperature  which  ia  measured  with  thermocouples  embedded  in 
the  carbon  graphite  stators.  The  ball  bearing  and  each  seal  face  ara,  respectively,  fed  end  cooltd  by  oil 
jets.  The  bearing  compartment  drains  by  gravity  into  s static  air-oil  separator.  To  separata  air  from 
the  oil  returning  to  the  oil  accumulator,  a da-aerating  device  and  a centrifugal  breather  are  incorporated. 
The  return  air-oil  mixture  is  fad  on  tha  da-aarator  where  partial  separation  occurs,  the  remaining  air-oil 
mist  than  pasaas  into  tha  centrifugal  breather  for  final  separation.  Tha  rotating  vanes  of  tha  breather 
centrifuge  tha  oil  frost  the  mist  and  the  air  is  vented  overboard.  A variation  in  temperature  of  the  cool- 
ing air  will  give  aotm  indication  of  seal  distress  through  a thermocouple  system  to  a temperature  gauge. 
Tha  teat  rig  ia  suitable  for  different  seal  sixes,  and  supply  air  temperatures  and  pressure*,  to  simulate 
many  operating  conditions  of  bearing  oil  seal  internal  prasaurisation  in  high  pressure  gee  turbine  engines. 
For  that,  tha  air  supply  ia  derived  from  a large  reservoir,  in  which  air  is  contained  at  tha  pressure  de- 
sired for  aach  teat;  tha  temperature  laval  being  eatabliahad  on  ths  delivered  flow  by  a variable  heater. 

In  such  a way,  air  may  be  delivered  in  the  appropriate  condition  sisiulating  bleeding  aatraction  from  a 
stags  compressor  spacer. 

Tha  gaa  bearing,  like  the  shrouded  atap  seal  in  figure  2,  ia  offering  a more  difficult  analytical  chal- 
lenge than  the  oil  bearing  in  tha  governing  Reynolds  partial  differential  equations.  As  ahowu  in  figure 

4,  the  streamlines  ara  of  such  a nature  that  neither  the  fluid  velocity  along  the  a axle  nor  the  first 
darivetiva  of  the  velocity  along  the  x axis  can  ba  neglected  at  certain  locations.  Fortunately,  tha  affect 
of  dropping  tha  velocity  terms  may  b*  checked  approximately  by  using  tha  two-dimensional  modal.  The  theory 
may  be  developed  for  the  infinite  pad,  on  tha  aaeumption  that  the  inapplicability  of  film  theory  in  the 
neighborhood  of  tha  step  will  not  result  in  serious  error.  Establishing  that  the  pressure  within  each  of 
the  two  uniform-thickness  film  portions  must  satisfy  Laplace's  equation,  the  pressure  at  the  common  bound- 
ary is  datsminsd  by  flew  continuity,  according  tha  pressure  distribution  in  figure  4.  For  that,  th*  stej> 
pad  pad  bearing  operating  load  capacity,  for  a given  minimum  film  thicknaas  ia  high,  and  a seal  is  intro- 
duced between  hot  gaa  discharging  from  on*  pad  and  relatively  cool  gas  supplied  to  tha  pad  directly  down- 
stream from  it. 

To  provide  acceptable  numerical  values  of  ssaling  psrformancs  on  vhich  to  baas  the  seal  design,  the  pads 
art  assumed  to  be  linearised  and  to  form  a continoua  strip,  referring  for  computation  at  tha  mean  diamatar 
with  correction!  to  account  for  curvature  and  for  flows  across  th*  corner*  of  th*  pad.  In  addition  to  this 
approximation;  all  inertia,  entrance  and  body,  offset*  may  b*  neglected;  all  flow*  ara  considered  ona-di— 
mansional;  tha  recessed  pad  prsasur*  is  dependant  on  the  length  dimension  only;  and  staady-atate  operation 
may  be  applied. 

Ths  gas  bearing  analysis  may  be  carried  out  starting  from  th*  Navier-Stokas  aquations,  applied  to  a carte- 
sian element  of  ipact,  th*  continuity  and  energy  conservation  aquation*,  combined  with  tha  aquation  of 
state  for  compiesaibla  fluid.  A simplification  ia  dariving  from  tha  fact  that  tha  gat  viscosity  ia  coapar 
atively  insensitive  to  both  preature  and  temperature  (dry  air  at  ststtspharic  temperature  increases  in  ab- 
solute viscosity  of  about  12%  of  it*  atmospheric  prssaur#  value  a*  th*  pressure  ia  increased  to  1,000 plia). 
If  inertia  and  body  force*  are  considered  to  have  small  affects  on  pressure  compared  with  viscous  forces, 
and  additional  assumption  of  an  isothemal  film  eliminates  temperature  sc  a dependant  variable,  absolute 
viscosity  may  be  treated  aa  constant  over  space  end  time.  A further  sieplificetion  permits  the  problem  to 
be  treated  with  tha  Reynolds  aquations,  in  which  th*  spec*  between  tha  solid  surf act  is  so  small  to  con- 
sider tha  flow  as  laminar. 

If  w#  assume  an  incompressible  fluid  in  plac*  of  tha  perfect  gas  law,  making  density  constant,  th*  sat  of 
equations  of  tha  usual  theory  of  hydrodynamic  gee  film*  are  semplifiad  to  solve  th*  problem  of  th*  evalua- 
tion of  the  pressure  at  every  point  in  * lubricant  thin  laminar  film,  neglecting  inarti*  and  body  forces 
and  assuming  viscosity  to  ba  invariant  over  apace. 

In  eueh  * vay,  tbs  solution  for  film  preasura,  a*  a function  of  x for  tin  infinite  (along  y direction) 
pad,  ia  resulting  iu  th*  pressure  distribution  of  figure  4,  where  p^,  p^  and  p^  ara,  respectively,  th* 
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pressure  at  the  inlet,  at  the  outlet  and  at  tha  atap  location. 

A*  an  adequate  approximation  for  design  purposes  of  oil  thrust  bearings,  ve  get.  Kef.  13 


p - p - 0.718  (p.  - p ) + (0.413  pu#)/h2 

■ A in  i *■ 

end,  for  the  psd  load  capacity 

W - 0.718  (p.  - p ) BL  + (0.206  puB2L)/h2 

U 1 2 


a) 


w 


where  B and  L era  the  pad  dimeneiona  along  a and  y axes,  and  p is  the  abaolute  viscosity. 

Considering  tha  large  influence  on  the  real  result  of  aide  leakage,  film  thickness,  and  step  height  (h2  - hj) , 
and  the  difficulty  to  take  into  account  all  the  flow  parameters,  it  is  convenient  to  give  an  empirical 
form  at  tha  expression  (2)  to  compute  tha  necessary  spring  load  for  the  high  pressure  aalf-acting  lift  seal 
ring,  with  a given  number  of  pads  as  represented  on  figure  2.  In  this  sense,  tha  incompressible  fluid 
analysis  may  be  acceptable. 

For  evaluating  the  radial  flow  between  two  coaxial  parallel  disks,  the  seal  ring  and  the  seat  in  figure  2, 
tha  quasy  fully  developed  flow  model  is  widely  used. 

As  in  Ref.  4,  tha  balance  between  the  pressure  and  viscous  friction  force  in  a control  volume,  figure  5, 
is,  neglecting  entrance  effects. 


A • d » - t • d A 
p w w 


(3) 


with  A and  t,  respectively,  tha  croea-sactional  area  and  the  viscous  friction  force  per  unit  watted  (v) 
area.  And,  introducing  tha  hydraulic  diameter  D -4  4/dA^/dx,  the  mean  friction  factor  f ■ T /p  V*/2,  and 
tha  mesa  flow  ft  - p • v • A (being  v tha  radial  velocity),  Eq.  3 is  becoming  (with  the  perfect  gas  law 
P ■ PRT) 


p-dp  - - 2 f R T M2  • dx/D  A2  (4) 

Integrating  Eq.  4,  with  laminar  radial  stream,  we  obtain.  Ref.  4,  respectively  for  leakage  mass  flow,  ra- 
dial pressure  distribution,  entrance  distribution 


M-2wh»  (p2  - ppmwRTlnRj/Rj 

(5) 

O.S 

1 P)  U + |(pz/pi)2  - l|  x / (Rj  - Rj)) 

(6) 

Pi  ■ Po/|l  ♦ <Y  - 1)  m2/2  C2|v/Cr'l> 

(7) 

where  h,  y,  Hj  and  CL,  are,  reapectively,  film  thickness,  constant  pressure  and  volume  specific  heat  ratio, 
Hach  number  of  tha  antranca  flew  condition*,  and  lift  coafficiant. 

In  this  aimplifiad  analyais,  Influence  of  saal  fact  deformations  due  to  tha  centrifugal  forca,  shaft  ther- 
mal coning,  other  kinds  of  distortion*,  and  turbulent  flow  era  of  course  not  considered,  for  application 
purposes,  empirical  form*  of  Eq*.  S,  6 and  7 may  be  used. 

As  shown  on  figure*  6 to  10,  labyrinth  saalt  normally  pracad*  tha  ahroudad  atap  thruat  staling,  to  raduc* 
as  possibla  leakage  in  batween  stationary  and  rotating  knlvas  sapsrating  different  pressure  space*.  Lead 
nation  occur*,  without  any  surface  contact,  in  the  gee  going  from  a epee*  to  the  other  through  a long  and 
winding  path.  A pressure  drop  for  each  lamination  davalopa  e ga*  velocity  running  down  in  the  following 
fra*  apace,  which  is  relatively  large  in  comparison  to  tha  gee  amount  paaead  through  the  restricted  clear- 
ance. To  continue  its  path  to  tha  labyrinth  outlet,  the  gas  i*  under going  another  pressure  drop  for  pass- 
ing through  the  successive  flow  restriction.  By  means  of  an  adequate  number  of  lamination*,  tha  overpres- 
sure in  respect  to  tha  receiving  aabient,  a*  wall  as  tha  gas  leakage,  will  be  sufficiently  reduced.  The 
intent  is  to  produce  a pressure  in  tha  annular  groove  which  is  only  slightly  greater  then  that  existing  on 
the  law  pressure  side  of  the  seel,  maintaining  tha  desired  pressure  difference  with  the  other  seel  side. 

In  order  for  this  concept  to  work,  each  labyrinth  stage  suet  have  several  tines  the  gee  flow  resistance  of 
the  internal  vont  passage.  Therefore,  the  aaal  is  constructed  so  that  the  clearance  between  tha  rotor  end 
the  stator  parts  is  minimised.  To  cuhlev*  this,  ths  inside  diameter  of  the  seel  stator  is  constructed 
from  e carbon  graphite  composition  end  the  seal  assembled  with  sero  to  0.002  inch  diametral  clearance.  To 
retain  e low  leakage  characteristic  throughout  the  life  of  the  machine,  it  is  essential  that  the  sharp 
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tipi  of  the  labyrinth  teeth  not  be  worn. 

A firet  approximation  numerical  solution,  for  many  stages  of  equal  pressure  drop  p - p and  restriction 
cross  araa  labyrinth  laminations,  give  a leakage  mats  flov 


M “ ■ /Pi  (P*  “ n 


(8) 


where  s,  n,  pj  and  p2,  are,  respectively,  the  rastricted  croae  sectional  area,  tha  number  of  stages,  and 

the  pressures  on  the  two  sides  of  tha  labyrinth  seal.  

Esprassion  8 ia  derived  by  coabination  of  tha  restriction  velocity  v - (pn  - pn  + ^/p , the  average 
pressure  p - (pn  + pn  + j)/2  in  a small  pressure  drop,  and  tha  mass  flow  ft»svp  after  n stages  with  a 
known  total  pressure  drop  (pj  - p2). 

As  shown  on  figure  9,  an  oil  slinger  seal  la  following  the  No.  1 bearing  of  figure  8,  in  between  tha  under 
race  lubricating  ball  bearing  and  the  screw  labyrinth  aaal  oil  return.  This  type  of  non-contacting  dynamic 
seal  has  shown  leakage  rata  conq>  arable  to  mechanical  contact  face  seals,  and  demonatratad  the  possibility 
of  extremely  long  seal  lifa  because  of  tha  absanca  of  rubbing  parts.  The  configuration  on  figure  9 is  ap- 
plied for  pressure  oil  lubricated  ball  bearing,  particularly  the  ones  operating  at  epeade  up  to  3 million 
DN  (DN  is  a speed  parameter  equal  to  tha  bearing  bora  diameter  in  millimeters  multiplied  by  the  shaft 
speed  in  rpm).  Tor  example,  a 120  - millimeter  -bore  bearing  running  at  23,000  rpm  would  be  operating  at 
3 million  DN.  Mainahaft  bearing*  on  currant  anginal  oparata  at  DN  valua  aa  high  aa  2.4  million.  Jot  lubri 
cation,  uaad  to  cop*  with  the  more  difficult  lubrication  and  cooling  requirement*  at  high  ipaeda,  ia  not 
affective  at  spaed*  above  2 to  2.5  million  DN,  . :>■..*  tha  lubricant  ia  centrifugally  thrown  away  from  tha 
innar-raca-ball  contact*,  thaae  areas  resulting  rapidly  deteriorated.  Introducing  tha  lubricant  under  the 
race,  figure  9,  tha  centrifugal  affects  are  supplying  lubricant  directly  to  the  inner-recu  contact  areas; 
for  incresstd  cooling  effect,  eoma  lubricant  may  bs  directed  through  axial  slots  under  tha  rac*.  To  main- 
tain the  desired  temperature  equilibrium  between  the  inner  and  outer  races,  outer-raca  cooling  may  also  ba 
employed. 

With  a slinger  seal  downstream  the  under  race  lubricated  bell  bearing,  it  is  possible  to  maintain  a stabla 
liquid-to-vapor  intarfac*  on  tha  rotating  parts,  and  thui  tha  only  leakage  is  tha  evaporative  loaa  from 
liquid-to-vapor  intarfaca.  In  tha  configuration  at  tha  lift  of  figure  9,  relative  to  bearing  No.  1 in 
figure  8,  the  axial  clearance  between  tha  rotating  disk  and  atationary  wall  of  the  plana  slinger  is  main- 
tained at  tha  relatively  large  value  of  0.020  to  0.025  inchaa  and  the  labyrinth  scrav  return  at  tha  innar 
diamatsr  of  tha  atationary  wall  is  ralisd  upon  to  return  any  leakage  down  to  tha  atationary  wall  to  seal 
interface.  A jet  lubrication  ayatam  ia  utilised  both  by  tha  plana  slinger  and  houaing  disk. 

Design  of  the  plena  slingar  with  screw  return  ia  carriad  out  on  Ref.  19,  where,  with  a givan  elingar  diam 
star,  an  axial  clearance  is  chosan  to  allow  for  differential  expansion  between  tha  rotor  and  stator.  Tha 
turbulent  mod*  of  operation  with  merged  boundary  layers  is  depending  upon  the  Reynolds  number  relative  to 
tha  chostn  lubricant  and  its  teapsrstur*.  Ths  pressurt  gsnarating  capability  of  tha  slingar  and  tha  total 
power  loss  in  the  bearing  is  daducad. 

Regarding  the  labyrinth  screw  return  on  figure  9,  analysis  and  teat  experience  are  presented  on  Ref.  20. 
The  purpose  of  the  screw  return  is  to  stop  ths  drops  of  fluid  coming  from  the  interface  due  to  instability. 
As  tha  screw  will  not  normally  run  flooded,  a simple  thread  form  is  used. 

In  figures  6 and  7,  representing  self  active  pad  sail  applications  for  tha  bearing  No.  1 and  No.  2 of  fig- 
ure i,  tha  aeala  are  face  pressurised  uy  high  pressur*  air  directly  bled  from  the  centrifugal  compressor 
outlet  and  passed  through  labyrinth  sets  of  carbon  elements. 

In  figure  9 and  10,  a combination  of  self  active  pad  seal,  labyrinth  seal,  and  slinger  bearing  ia  shown 
for  the  No.  1 and  No.  2 bearings  on  figure  8.  Ths  slingar  seal  in  ths  No.  1 bearing  acts  as  s centrifugal 
separator,  and  its  main  function  is  to  fora  a atabl*  intarfac*  between  the  vapor  and  tha  liquid,  and  to 
pump  the  liquid  up  to  the  return  line  pressure.  For  the  No.  1 bearing,  is  also  shown  a aolution  of  tha 
slingar  seal,  Ref.  21,  which  not  only  restrict*  ths  leakage  from  the  interface  but  provides  a method  for 
the  return  of  any  leakage  to  tha  interface.  It  consists  of  a hollow  elingar,  the  outer  portion  of  which 
operates  as  an  ordinary  (linger  and  serves  to  scavsng*  the  bearing  cavity. 

Aa  shown  in  figure  8,  9 and  10,  tha  compressor  rotor  bear*  ths  serrated  parts  of  thrs*  labyrinth-typ* 
seals;  the  balance  chamber  seal,  ths  first  stag*  air  stal,  which  prsvants  the  inlet  air  from  becoming 
trapped  and  loasing  energy  between  the  first  stag*  compressor  disk  assembly  and  the  front  compressor  rotor 
disk  asstsfcly;  and  ths  tenth  stage  air  seal,  which  permits  compressor  sir  leakage  for  cooling  tha  gas  gen- 
erator first  stag*  turbine  nossla.  Th*  No.  2 bearing  transmits  both  ths  radial  and  axial  loads  imposed  by 
tha  dynamically  balanced  rotor  aaaeably,  and  mounts  an  oil  deflector  on  each  side.  Both  ths  forward  and 
rear  double  labyrinth  seals  ars  pressurised  by  th*  tenth  stag*  compressor  seal  leakage  air. 

Seal  design  study,  howavar,  may  ba  only  limited  to  deriving  empirical  numerical  solutions  adequately  cor- 
recting theoretical  results  obtainable  from  approximated  and  simplified  assumption*.  It  is  in  fact  obvi- 
ously impossible,  aa  above  mentioned,  to  carry  out  an  analytical  solution,  taking  into  account;  all  tha 
hydrostatic  affects,  aa  axisymmatric  radial  taper  du*  to  distortion,  surface  tension  affects,  and  molecu- 
lar adhesion;  and  tha  most  important  hydrodynairtc  affects,  as  non-Newtonian  fluid  affects,  thermal  end 
pressure  wedge  affects,  surface  wavinass,  viscous  shearing  of  surface  waves,  vibration,  misalignment  and 
eccentricity. 


However,  the  seeling  problem  hee  hed  en  appreciable  contribute  from  cnelyticel  studies,  referring  about 
theoretical  results,  often  obtained  with  computer  programs,  and  experiments  aimulsting  the  real  operating 
conditions. 

As  conclusion  of  this  paper,  whose  intent  concept  is  the  one  to  discuss  practical  seal  applications  suit- 
able for  the  aura  and  mors  stringent  requirement!  of  high  speed  gas  turbine  engines  operating  with  gas  at 
very  high  temperature  and  pressure  values,  some  results  era  presented  frost  our  a^irical  and  experimental 
investigations. 

SEALS  URDU  T«ST 

Essentials  of  the  used  seal  test  rig  are  shown  schematically  in  figure  3,  and  details  of  the  eeele  under 
test  shown  In  figures  6,  7,  9 and  10.  Both  seals  art  for  compressors,  figures  1 and  8,  of  turboshsfta, 
whose  gas  generators  speed,  compression  ratio  and  frss  turbine  maximum  power,  ara  in  the  renge,  respective 
ly,  of  25,000  rpm,  10  to  1 end  1,250  Up.  Seeling  air  is  supplied  from  the  reservoir  to  tha  test  rig  at  a 
teaiperatura  of  tha  order  of  550*F,  through  a heater.  But,  higher  temperatures  and  pressures  ara  obtain- 
able, because  of  tha  variable  power  haatar  and  tha  changeable  pressure  level  in  tha  storage  reservoir. 
Cunning  tins  may  ba  vary  large,  because  of  tha  capacity  of  tha  20  cylindrical  containers  used,  03.5  cubic 
fast  each  as  volume,  in  cosg>arison  to  tha  low  required  air  mss  flow  supplying  the  test  rig  for  coapensat- 
ing  tha  exhaust  seal  sir  leakage  from  tha  test  rig.  Tha  containers  may  be  charged  with  air  at  tha  maximum 
pressure  level  of  3,000  pais. 

To  check  tha  practical  validity  of  such  teat  rig,  in  regard  to  the  high  taaparatura  and  pressure  levels  of 
advsncsd  gas  turbine  engines,  soma  results  have  bean  obtained  at  peripheral  aaal  rotating  spate  of  600ft/s 
with  supplying  air  at  tasparaturs  higher  than  600*F. 

Leakage  mass  flow  era  resulting  quite  in  agreement  with  approximated  coaputations. 

Tha  seal  behavior  at  vary  high  apaad  and  prasaura  is  at  present  tasted  for  use  in  high-preasura  angina  ap- 
plications. 

Because  of  the  inadequate  tecnology  of  tha  inexpensive  construction  of  our  self  active  pad  seals,  it  ia 
not  possible  at  present  compare  tha  first  results  obtained  to  tha  actual  performances  of  existing  sealing 
aystassa.  From  tha  other  hand,  advantages  in  sealing  leakage  capacity  have  baan  avidant  in  comparing  labjr 
rinth  seals  and  self  acting  aaala,  both  realised  inexpensively  in  our  laboratory. 

Starting,  in  our  experiments,  with  labyrinth  aaala,  a pitched  aarratad  bushing  (stationary)  closely  encircl 
lng  a rotating  cylindrical  piece  was  realised.  Mina  serrations  wars  formed  by  one  continuous  groove.  Tha 
diametral  clearance  between  tha  aaal  rotor  and  stator  was  0.002  to  0.006  inches,  depending  upon  tha  toler- 
ance stack up.  Tha  aaal  atator  was  held  in  place  by  two  spiral-wound  retaining  rings  and  was  locked  ageinet 
rotation  by  a pin.  This  seal  was  vary  reliable  and  inexpensive.  However,  it  was  felt  that  the  leakage 
rate  could  be  reduced,  improving  performance  of  tha  unit.  A reliable  law  leakage  aaal  waa  required  at  no 
overall  increased  coat.  Mo  commercial  seal  waa  found  to  fit  both  tha  technical  and  economical  constraints 
of  tha  application.  A new  labyrinth  seal  concept,  with  lower  leakage  characteristic,  was  therefore  under 
development  with  tha  rotor  constructed  from  a carbon  steel,  heat  treated  to  a Brinell  hardiness  of  200. 

Tha  seal  atator  waa  a bass  carbon  grade  iaprsgnatod  with  a filler  to  make  it  ssora  impervious  to  air  flow. 
Tha  carbon  was  ahruuk  fit  into  a ataal  retaining  ring  in  order  to  tainiidsa  thermal  differential  expression 
between  the  rotor  end  the  atator. 

Mow,  our  first  experience  on  combined  labyrinth  and  aalf  acting  seals  is  proceeding  with  tha  choice  of  suit 
able  composite  materiel,  with  adequate  thermal  expansion  coefficient  tohold  a constant  clearance  and  a aalf 
acting  face  separation  on  the  range  of  0.0005  inches.  A auccaaaful  aalf  acting  face  seal  design  requires 
a detailed  accounting  of  all  thermal  ea  vail  aa  mechanical  distortions  with  corresponding  design  features 
to  maintain  ptrallaliam  between  the  priatary  aaaling  faces. 

Our  air  leakage  experienced  with  the  face  aaal  design  appear  to  be  abnormally  high.  The  erratic  leakages 
observed  suggest  either  coning  of  the  primary  aaaling  faesa,  insufficient  force  balance,  or  excessive  sec- 
ondary seal  leakage. 
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DISCUSSION 

Refer  to  the  lest  quest tort  at  the  Discussion  following  Paper  16. 


6 - Foaaibla  oil  aaal  praaeuriaation  Fig.  7 - Poa.ibla  oil  aaal  praaauriaation  with 

with  air,  by  a combination  of  *ir  of  No.  2 baaring  in  figura  1. 

labyrinth*  and  «*]£  acting  lift 
aaal,  of  No.l  btariug  in  figura 
1. 


Pig.  9 - Poaaibl*  oil  *«al  ptaaauriaatien 
with  air  of  No.  1 baaring  in  figura  8. 


Vit-  10  - Foaaibla  oil  aaal  praauuriaation 
with  air  o t No.  .’  baaring  in  fit 
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GAS  TURBINE  DISC  SEALING  SYSTEM  DESIGN 


D A CAMPBELL 

Technical  Design  Group  (PTr) 
Rolls-Royce  Limited 
PO  Box  31 

Derby  DE2  6BJ,  UK 


SUMMARY 


This  Paper  reviews  thra  design  of  Gas  Turbine  Disc  Sealing  and  Cooling  Air  Systems. 

The  turbine  sealing  system  must  seal  the  disc  spaces  against  ingress  of  hot  turbine  gases, 
and  absorb  windage  and  conducted  heat  with  limited  air  temperature  rises.  Air  leakage 
in  the  system  must  be  controlled  to  minimise  engine  performance  losses,  to  avoid  loss  of 
blade  cooling  effectiveness  and  to  maintain  the  integrity  of  associated  shaft  and  bearing 
cooling  systems. 

The  effect  of  the  required  bleed  flow  on  engine  performance  is  considered  and  found  to  be 
fairly  small  provided  that  an  accurate  assessment  of  this  offtake  is  made  at  the  beginning 
of  the  design  process.  Subsequent  increases  of  the  air  bleed  during  the  development 
phase  can  bring  substantial  penalties  in  turbine  entry  temperature. 

The  various  factors  to  be  considered  when  determining  the  sealing  and  cooling  flows  are 
briefly  reviewed  and  the  areas  whsrs  furthsr  rssssrch  would  be  useful  are  indicated. 


1.0  INTRODUCTION 


1.1  Secondary  Flow  Systems 

Ths  secondary  flow  Bystem  of  a gas  turbine  engine  has  four  main  features. 

a)  Turbine  Aerofoil  and  Working  Annulus  Wall  Cooling. 

This  Includes  blades,  no, isle  guide  vanes,  rotating  and  static  blade 
shrouds  and  nozzle  guide  vane  platforms. 

b)  Disc  Sealing  and  Coding  Systems. 

These  systems  protect  turbine  discs  and  blade  roots  from  excessive 
temperatures  and  are  used  to  control  the  rotor  thrust  bearing  end 
load ing, 

c)  Beating  Sealing  Systems. 

These  systems  interact  with  tha  disc  sealing  systems  to  maintain 
a satisfactory  environment  for  the  engine  bearing  chambers. 

d)  Parasitic  Leakage. 

This  is  unwantad  leakage  between  parts  without  relative  motion 
such  as  blade  and  nozzle  guide  vane  platform  gaps,  shroud  segment 
gape  etc. 

1 . 2 Disc  Sealing  and  Cooling  Systems  - General  Considerations 

The  purpose  of  this  paper  is  to  discuss  ths  problems  of  Disc  Seeling  and 
Cooling  Systems  and  tha  design  solutions  to  these  problems.  Such  eystesm 
depend  very  much  on  the  good  performance  and  reliability  of  labyrinth-type 
seels. 

1 . 3 System  Objectives 


t 
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Diec  air  systema  have  four  mein  functions. 

•)  Minimising  unwanted  leakage  between  rotating  and  static  parts, 
b)  Protection  frees  the  hot  gases  in  the  working  annulus.  Items  to  be 


protected  are  s 

Blade  cooling  air  supply 
Blade  fixings 
Disc  Rims 
Disc  Bores 

c)  Protection  of  blade  cooling  systems  from  leakage.  This  is  particularly 
important  for  systems  using  a pre-swirled  cooling  air  supply. 

d)  Balancing  of  rotor  end  loading  to  obtain  satisfactory  thrust  bearing  loads, 
a)  Interface  with  the  bearing  sealing  systems. 

2.0  QUANTITY  OF  AIR  USED  - EFFECTS  ON  ENGINE  PERFORMANCE 

By  using  large  quantities  of  air  bled  from  the  engine  compressor  the  above  objec- 
tives could  be  met  fairly  easily.  However,  Increase,  air  bleed  causes  corresponding 
increases  in  turbine  entry  temperature  (TET)  and  specific  fuel  consumption  (sfc),  and 
so  we  must  reduce  the  bleed  to  the  minimum  required  to  obtain  satisfactory  design 
conditions  for  the  engine  parts  affected.  When  designing  such  systems  it  is  impor- 
tant to  know  the  effects  of  air  bleeds  in  detail,  using  data  from  engine  cycle  per- 
formance calculation,, 

Figs.  2.1  to  2.4  show  the  effects  of  disc  sealing  and  cooling  air  bleeds  on  engine 
performance.  For  a typical  transport  engine  cycle  the  performance  was  calculated 
at  a constant  cruise  thrust  per  unit  intake  flow  giving  a by-pass  ratio  of  about  4.5. 
The  TET,  jet  velocity  ratio  and  component  efficiencies  ware  kept  constant  at  the 
cruise  daaign  point  for  the  range  of  aseumed  bleed,  The  assumed  disc  flows  were 
distributed  through  the  turbine  stages  In  typical  proportions.  Two  types  of  system 
have  been  considered  j 

a)  All  bleed  from  HP  compressor  delivery. 

b)  Bleeds  taken  from  four  different  compressor  stages  to  minimise  cycle  Losses 
caused  by  secondary  flow  throttling. 

In  the  RB  211  Engine,  for  example,  bleeds  for  disc  air  systems  are  taken  from 

IP  compressor  4th  stage  5th  stage  overall 

IP  compressor  delivery  8th  stage  overall 

HP  compressor  3rd  stage  11th  stage  overall 

HP  compressor  delivery  14th  stage  overall 

Fig.  2.1  shows  the  effect  of  these  bleeds  on  sfc. 

The  beneficial  effect  of  multistage  bleed  is  clear.  The  normal  rango  of  total  disc 
air  bleed  is  2 to  4%  and  at  3%  an  sfc  penalty  of&K  for  a single  HP  compressor  deli- 
very bleed  point  system  is  reduced  to  0.9%  for  a system  with  four  bleed  stageo. 


Fig.  2.2  shows  the  effect  on  take-off  TET.  This  la  quite  small,  as  with  increasing 

bleed  level  the  core  engine  size  was  increased  to  obtain  constant  cruise  TET.  This 

effect  on  core  engine  size  is  shown  in  Fig.  2.3.  | 

| 

There  is  a further  advantage  of  multistage  bleed  in  that  bleed  air  from  lower  stages 
is  cooler;  this  allows  either  smaller  flows  or  lighter,  more  economical  turbine  disc  ) 

designs.  The  bleed  stage  must  be  chosen  so  that  there  Is  a minimus  but  adequate  I 

pressure  drop  between  the  bleed  point  and  the  highest  pressure  in  the  turbine  to  I 

which  the  bleed  must  flow.  The  design  conditions  for  the  air  system  must  be  chosen  ; 

carefully  to  avoid  unforeseen  daficiencias  at  soma  flight  conditions.  j 

Fig.  2.4  shows  similar  data  for  a military  reheated  turbofan  angina  with  a by-pass 
ratio  last  than  1.  TET  and  dry  thrust  par  unit  intake  flow  ware  kept  constant  by 
reducing  the  by-pass  ratio  and  fan  pressure  ratio  aa  the  bleed  was  increased.  In 
this  case  the  bleed  was  all  from  HP  dsllver>  and  the  effect  on  sfc  is  somewhat  less 
than  that  for  tha  transport  angina. 

Figs.  2.1  to  2.4  assume  constant  turbine  efficiency. 

In  fact  turbine  efficiencies  are  reduced  by  sealing  flows  entering  the  anuulue  1 
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immediately  in  front  of  the  rotor.  With  care  in  design  of  the  Blade  and  Nozzle 
platforms  this  loss  can  be  kept  to  less  than  0.3%  of  efficiency  for  a sealing  flow 
of  1%  of  the  turbine  flow.  The  sealing  flow  is,  however,  not  included  in  the 
turbine  flow  for  performance  calculation  purposes. 

When  the  core  size  of  a projected  engine  is  fixed  the  effect  of  bleed  on  TET 
increases,  as  any  deterioration  of  core  engine  performance  cannot  be  compensated  by 
an  increase  in  size.  For  the  transport  engine  the  effects  on  afe  are  about  the 
same  as  before,  but  the  effect  on  TET  is  now  about  10°K  per  1%  of  bleed.  This 
emphasises  the  importance  of  making  realistic  rather  than  hopeful  initial  estimates 
of  scaling  air  requirements  and  the  necessity  of  ensuring  that  these  flows  are  not 
exceeded  in  the  production  engine. 

3.0  FACTORS  DETERMINING  QUANTITY  OF  AIR  REQUIRED  FOR  DISC  SEALING 

3.1  Flow  required  to  prevent  hoc  annulus  gas  ingestion  at  the  blade-nozzle  gap. 
This  is  determined  by 

a)  Circumferential  variation  of  static  pressure. 

b)  Radial  flow  produced  by  the  pumping  action  of  friction  between  the 
air  and  the  disc  face. 

3.2  Flow  required  to  absorb  windage  heat  with  a suitably  limited  temperature  rice. 

3.3  Flow  required  to  supply  the  relevant  labyrinth  seal. 

4.0  DESIGN  CONSIDERATIONS  FOR  GAS  INGESTION 


4 . 1 Circumferential  Static  Pressure  Variation 


a)  The  Problem 

It  is  clear  that  appreciabl#  static  pressure  variation  around  the  annulus 
exists.  This  has  been  long  apparent  from  turbine  blade  vibration  problems 
associated  with  variations  of  prossura  upstream  of  a nozzle  guide  vane  row. 
There  are  also  fluctuations  of  pressure  caused  by  variations  of  Blade  and 
Nozzle  throat  area  and  by  flow  curvature  effects  near  blade  and  nozzle 
trailing  edges.  Where  the  static  pressure  drop  across  the  annulus  seal 
is  less  than  the  range  of  pressure  variation  at  the  seal  exit,  some  Inges- 
tion of  turbine  gas  is  to  be  expected. 

The  objective  of  the  designer  must  be  to  minimise  the  flow  required  to 
prevent  gas  ingestion  with  a given  static  pressure  variation.  Fig,  4.1 
shows  a typical  turbine  nozzle-rotor  gap.  What  features  are  desirable? 

b)  Reduction  of  Pressure  Variation 

Clearly  large  values  of  1^  and  1 will  reduce  the  static  pressure  variation 
at  the  sealing  air  exit  and  are  therefore  desirable.  Circumferential 
variations  of  Nozzle  and  Blade  throat  area  should  also  be  minimised. 

c ) Design  of  the  Clearance  at  the  Annulus 

A small  clearance  c will  reduce  the  flow  required  for  a given  pressure  drop 
across  the  gap.  The  overlap  h and  the  shingle  height  s tend  to  reduce  the 
flow  of  annulus  gas  caused  by  a local  increase  of  the  annulus  static  pressure 
However,  these  features  also  tend  to  increase  the  discharge  of  sealing  air 
for  a given  pressure  drop,  thus  reducing  the  pressure  drop  available  from  a 
given  sealing  flow.  The  overlap  and  a slight  shingle  allow  the  sealing 
air  to  enter  the  turbine  with  minimal  disturbance  to  its  efficiency;  this 
arrangement  is  therefore  preferred. 

d)  Two  Stage  Sealing 

It  Is  difficult  to  have  a sufficiently  small  clearance  c,  owing  to  manufac- 
turing limitations.  In  any  case,  a small  clearance  would  be  subject  to 
relatively  large  variations  due  to  manufacturing  tularances,  working  deflec- 
tions and  thermal  expansions,  end  in  soma  cases  this  would  cause  difficulties 
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with  rotor  thrust, balance.  It  Is  therefore  often  desirable  Lo  design  the 
blade  root  region  for  a temperature  allowing  for  some  turbine  gas  ingestion 
and  to  incorporate  an  additional  seal  as  shown  in  Fig.  4.1.  The  Space  A 
allows  equalisation  of  the  static  pressure  and  eliminates  the  possibility 
of  inwards  flow  through  the  inner  seal.  Thus  the  disc  rim  is  completely 
protected  from  annulus  gas  by  a very  small  sealing  flow  through  the  Inner 
seal. 

a)  Data 

This  It  an  area  where  few  data  are  available  and  research  Is  therefore 
desirable, 

4.2  Disc  Pumping 

a)  Theory  and  Test  Data 

The  frictional  drag  of  the  disc  on  the  air  in  the  disc  space  generates  an 
outwards  flow  near  the  disc.  If  this  flow  is  allowed  unobstructed  access 
to  the  working  annulus  as  In  Fig.  4.2  then  a sealing  flow  of  about  the  same 
level  must  be  supplied  to  avoid  the  Ingestion  of  annulus  gas.  The  approxi- 
mate magnitude  of  these  flows  can  be  determined.  The  conventional  non- 
dimensional  functions  uved  are 


S,  ■ j?f 

Flow  Coefficient 

• e 

(4.1) 

- ■ 

Reynolds  Number  .. 

s • 

(4.2) 

Using  Von  Kdrm&ns  1/7  power  law  analysis  we  have 

C » 0.22  Re0,8  ,.  ..  (4.3) 

W * 

This  applies  to  a free  disc  without  any  Influence  from  static  parts. 

The  case  of  a disc  with  shrouded  stator  as  In  Fig.  4.2  has  been  investiga- 
ted by  Baylay  and  Owen  (Ref.l)  who  propose  the  correlation 

Cw  ■ 0.61  Re  g/r  ..  ..  (4.4) 

Kure,  the  flow  is  that  just  sufficient  to  prevent  ingestion  of  fluid  from 
the  outsr  space.  The  experimental  data  used  cover  the  ranges 

Re  up  to  4.108 

g/r  from  0.0033  to  approximately  0.06  ‘ 

b)  Application 

The  most  important  pas  turbine  sealing  situations  involve  Reynolds  numbers 
around  1.0  which  are  beyond  Owen’s  experimental  data.  There  are  two  further 
consideration*  which  make  it  difficult  to  accept  Owen's  flow  criterion  In 
gas  turbines, 

i)  High  Axial  velocity  ot  the  annulus  flow.  : 

This  makes  it  much  more  difficult  for  external  fluid  to  penetrate  the  I 

dloc  space.  I 

i!)  Projections  on  the  rotor.  ( 

i 

These  are  assumed  to  deflect  the  pumped  flow  from  the  direct  path  to  i 

the  annulus  and  thus  reduce  the  gas  Ingestion  caused  by  the  pumping  ' 

effect.  i 

) 

Further  experimental  work  Is  therefore  needed  to  clarify  the  situation  j 

with  more  realistic  conditions.  I 

l 


i 


i 
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c)  Design  Features 

The  effects  of  disc  pumping  will  be  reduced  by  the  sealing  arrangement 
shown  in  Fig.  4.1.  The  use  of  swirl  nozzles  to  introduce  the  sealing  air 
tends  to  suppress  the  pumping  action  and  also  to  reduce  windage  and  is 
therefore  beneficial. 


4.3  Windage 


a)  Discs 


The  frictional  heating  of  sealing  air  by  the  adjacent  rotor  is  an  important 
factor  in  system  design.  Enough  air  flow  must  be  provided  to  limit  the 
temperature  rise  due  to  this  effect  to  an  acceptable  value.  For  normal 
clearances  between  the  disc  and  the  adjacent  static  parts  the  windage  drag 
is  not  more  than  the  value  for  a free  disc  rotating  in  a large  space,  and 
data  for  this  case  may  be  used  for  design  purposes. 

Projections  such  as  nuts  and  bolt  heads  greatly  increase  the  windage  heating 
and  should  be  avoided  or  covered  by  a fairing  unless  the  tangential  speed  is 
relatively  small. 

Windage  can  be  appreciably  reduced  by  admitting  the  sealing  air  through 
pre-swirl  nozzles. 


In  estimating  windage  we  use  a moment  coefficient  defined  by 
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This  can  be  correlated  with  Reynolds  number  by  the  equation 

Cm  - 0.982  (log10Re)'2,58  ..  ..  (4.6) 


This  is  tgken  from  Ref. 2 and  agrees  with  test  data  for  Reynolds  numbers  up 
to  7 x 10°.  Engine  Reynolds  numbers  run  up  to  about  3 x 107  so  some  extra- 
polation is  required. 

b)  Shafts 

For  cylindrical  rotor  parts  a correlation  from  Ref. 3 can  be  used  : 

Define  a friction  coefficient  C£  mr/hpr^(ti  ..  (4.7) 

External  surface  windage  drag  is  given  by 

^ - 4.07  log10  (Re  - 0.6  ..  ..  (4.8) 

Cm  - Cf.2*l/r  ..  ..  (4.9) 

c)  Pre-Swlrled  Cooling  Air 

Some  test  data  for  the  effects,  of  pre-swirl  are  available  from  Ref. 4 but 
have  not  been  entirely  successfully  correlated.  Fig.  4.3  shows  test  data 
for  a disc  and  shaft  plotted  as  F. /E  vs.  V /U.  The  data  used  have  been 
published  in  Ref.  4.  '*  * 

E^  is  the  measured  windage  power 

E^  is  the  windage  povfer  calculated  from  equations  4.6  and  4.8 
Vs  is  the  swirl  nozzle  exit  tangential  velocity 
U is  the  disc  tangential  speed  at  the  swirl  nozzle  radius. 

d)  Conclusion 


Design  calculations  using  these  data  are  generally  satisfactory,  However, 
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further  research  into  the  effects  of  cooling  throughflow,  cooling  air  pre- 
swirl and  discrete  projections  in  the  rotor  would  allow  significant  improve- 
ment. 

4.4  Seal  Leakage 

a)  Effect  of  Seal  Leak 

Each  disc  space  has  one  or  more  flows  controlled  by  labyrinth  seals,  and 
unless  the  seals  are  of  very  small  diameter,  they  have  a very  important 
effect  on  the  system  design, 

A seal  may  either  supply  flow  or  take  flow  out  of  the  disc  space.  In 
Fig.  4.4  for  example  the  seal  A is  removing  flow  from  space  1 and  supplying 
it  to  space  2. 

The  pressures  in  spaces  1 and  2 are  determined  primarily  by  the  nozzle 
guide  vane  inlet  and  outlet  pressures,  since  the  pressure  drops  at  the 
annulus  seals  are  relatively  small. 

Seals  B and  C are  removing  some  of  this  flow  from  spree  2 and  leaking  it. 
into  the  turbine  bearing  chamber  Bealing  system  which  is  part  of  a lower 
pressure  system  which  also  supplies  sealing  air  to  the  back  of  the  ■scond 
turbine.  Sealing  air  is  supplied  to  the  space  1 through  slots  at  i. 

b)  Seal  Failure 

Any  increase  of  clearance  of  seal  A,  increasing  the  flow  through  it,  will 
reduce  the  flow  available  for  sealing  at  the  annulus.  Deterioration  of 
such  a seal  can  therefore  lead  to  overheating  due  to  gas  ingestion.  The 
leakage  flow  itself  will  then  be  hotter  that  normal  and  the  overheating 
problem,  will  spread  to  other  parts  of  the  system;  this  effect  is  particu- 
larly likely  to  be  troublesome  in  systems  where  there  is  maximum  utilisation 
of  seal  leakage  air  for  sealing  subsequent  turbine  stages.  It  is  a 
requirement  of  the  British  Civil  Aviation  Authority  that  the  system  should 
withstand  a degree  of  seal  failure.  Tills  requirement  Is  normally  met  by 
supplying  sufficient  flow  to  feed  a failed  seal  with  zero  annulus  sealing 
flow.  The  failed  seal  is  usually  taken  to  have  about  twice  the  normal 
running  clearance. 

This  criterion  establishes  the  basic  design  flow  requirement. 

Additional  flow  is  then  provided  if  the  basic  flow  is  insufficient  to  deal 
with  windage  and  annulus  gas  Ingestion. 

Note  that  with  the  type  of  system  shown  in  Fig.  4.4  the  bleed  flow  for 
sealing  is  controlled  by  fixed  metering  orifices  (eg  slots  X)  and  seal 
deterioration  in  service  will  not  increase  the  total  bleed.  The  associated 
engine  performance  deterioration  is  therefore  restricted  to  the  effect  of 
changes  in  the  turbine  stages  to  which  the  same  total  bleeds  are  exhausted. 
Both  orifice  controlled  and  seal  controlled  types  of  system  suffer  from 
increased  disc  space  temperatures  if  the  seals  deteriorate.  This  can  lead 
to  reduced  turbine  disc  life  and  the  possibility  of  failure  hazard. 

c)  Seal  Design 

It  should  be  noted  that  the  seal  design  objective  here  is  not  always  mini- 
mum flow,  since  the  leakage  is  often  required  for  sealing  subsequent  sr.eges. 
However,  reliability  of  flow  control  is  always  extremely  important  and  the 
highest  possible  standard  of  thermal  and  mechanical  design  is  required. 

Title  will  only  be  achieved  if  the  seal  rotor  and  stator  design  is  considered 
as  a single  problem. 

d)  Seal  Leakage  Data 

The  correlation  of  seal  leakage  data  is  difficult  and  complex.  Many 
experimental  data  are  available  but  not  all  have  been  adequately  correlated. 
Detailed  consideration  of  this  problem  Is,  however,  beyond  the  scope  of 
this  paper. 
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More  comprehensive  correlations  of  existing  data  would  be  useful,  particu- 
larly for  seals  with  textured  liners  and  for  stepped  seals. 

Inaccuracies  in  the  estimation  of  running  clearance  are  often  greater  than 
data  correlation  errors.  Greater  technical  effort  is  required  hsre, 
particularly  in  the  prediction  of  transient  thermal  behaviour  of  static 
seal  assemblies. 

5.0  BLADE  COOLING  AIR  SUPPLY  SEALING 

The  objective  is  to  pass  pre-awirlad  cooling  air  to  the  blade  with  the  minimum 
addition  of  leakage  air.  Leakage  air  mixing  with  the  pre-swirled  air  adds  windage 
heat  and  reduces  the  cooling  air  whirl  velocity.  Both  effects  increase  the  cooling 
air  temperature  relative  to  the  rotor  and  it  is  desirable  to  avoid  them. 

Leakage  that  would  otherwise  mix  with  the  pve-swlrled  cooling  air  can  be  diverted 
through  a by-pass  passage  as  shown  in  Fig.  5.1.  Three  problems  must  be  overcome 
when  using  this  method. 

1)  Pressure  Drop 

Sufficient  pressure  drop  must  be  made  available  both  to  drive  the  leak  flow 
through  the  passage  and  to  overcome  the  vortex  pressure  rise  between  the  inner 
and  outer  radii  of  the  swirl  chamber.  This  tends  to  give  an  increase  of 
leakage  flaw. 

2)  Space 

It  is  often  difficult  to  find  space  for  these  passages  in  the  region  of  the 
heavily  loaded  HP  turbine  nozzle  location  features. 

3)  Increased  Flow  Requirement 


As  the  leakage  flow  no  longer  enters  the  turbine  blade,  additional  flow  is 
required,  causing  a performance  penalty.  It  is  therefore  Important  to  find  a 
use  for  this  air  and  thus  avoid  losses.  The  following  methods  may  be  used. 

a)  Split  Feed  Turbine  Blade. 

This  type  of  blade  uses  cooling  air  at  two  pressure  levels,  the  lower 
pressure  air  being  supplied  from  leakage. 

b)  The  leakage  air  can  be  bled  away  for  use  in  disc  sealing  systems. 

c)  The  leakage  air  can  be  used  for  turbine  nozzle  guide  vane  platform  and 

trailing  edge  cooling. 

Disc  pumping  can  also  reduce  pre-swirl  system  performance,  and  it  is  therefore 
good  practice  to  have  a seal  at  the  inner  boundary  of  the  swirl  chamber  to 

prevent  the  pumped  flow  circulating  into  it.  See  Fig.  5.2. 

b.O  ROTOR  THRUST  BALANCE 


Turbine  and  Compressor  end  loads  combine  to  give  a net  rotor  thrust  much  less  than 
the  individual  component  loads.  The  residual  thrust  can  however  be  large  enough  to 
give  thrust  bearing  problems.  This  particularly  applies  to  HP  thrust  bearings  in 
multi-shaft  high  by-pass  ratio  engines,  which  have  a very  high  centrifugal  loading 
on  the  bearing  balls,  giving  a reduced  thrust  capacity. 

It  is  therefore  necessary  to  adjust  the  end  li.  Ads  by  altering  seal  radii,  and  this 
will  usually  give  increased  leakage  flows.  Largsr  capacity  thrust  bearings  can 
therefore  give  engine  performance  improvements. 

Rotor  thrust  balance  should  be  investigated  as  early  as  possible  in  the  engine 
design  process  so  that  this  factor  can  be  considered  when  deciding  the  compressor 
and  turbine  design  parameters. 

7.0  CONCLUSIONS 


Research  and  Development  in  Gas  Turbine  Sealing  is  mostly  directed  towards  reduction 
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of  Leakage  Flows.  In  the  design  of  Turbine  Disc  Sealing  and  Cooling  systems, 
obtaining  the  lowest  possible  design  leakage  flow  through  individual  seals  is, 
however,  not  always  the  most  Important  objective. 

In  the  high  pressure  turbine  stages,  annulus  static  pressure  variation  and  disc 
windage  often  determine  the  required  disc  sealing  and  cooling  flows.  At  the  initial 
design  stage  the  disc  sealing  and  cooling  air  bleeds  have  a relatively  small  effect 
on  engine  performance.  If  we  reduce  a transport  engine's  disc  sealing  air  require- 
ment from  a typical  3%  of  core  engine  flow  to  half  this  amount  the  sfc  saving  is 
about  VX  (See  Fig.  2.1).  The  effects  on  TET  can  be  virtually  eliminated  by  choice 
of  by-pass  ratio. 

However,  once  the  engine  cycle  parameters  are  fixed,  the  effect  on  TET  of  bleed 
changes  is  qjjita  large.  To  increase  that  3%  bleed  by  50%  would  cost  a TET  increase 
of  around  15°K,  reducing  the  HP  turbine  blade  creep  life  by  roughly  30%. 

This  indicates  the  importance  of  making  realistic  and  accurate  estimates  of  disc 
sealing  and  cooling  air  requirements  at  the  earliest  stage  of  design.  These  flow 
levels  must  be  carefully  monitored  and  adhered  to  during  the  engine  development 
process.  In-service  deterioration  of  seals  can  contribute  to  worsening  of  engine 
TET  and  sfc,  and  may  cause  increased  turbine  disc  rim  temperatures.  This  empha- 
sises the  importance  of  seal  durability  and  long  term  reliability  as  well  as  design 
performance. 

8.0  NOMENCLATURE 


mCE 

r 

Re 

S 

sfc 

TET 

U 

V. 

w 

M 

9 

T 

« 


Radial  Clearance  (see  Fig.  4.1) 

2 2 

Friction  Coefficient  : C^  m*/(hpci  r ) f°r  a Rotating  Cylinder 

2 5 

Moment  Coefficient  i C^  - M Aped  r ) fos  a Rotor 

Flow  Coefficient  s Cw  - w/fir 

Moasurcd  Windage  Power 

Calculated  Windage  Power 

Axial  Gap  (see  Fig.  4.2) 

Turbine  Platform  Axial  Overlap  (see  Fig.  4.1) 

Length  of  Rotating  Cylinder 

See  Fig.  4,1 

Windage  Drag  Moment  from  both  sides  of  a Disc  or  the  outer  surface  of 
a Cylinder 

Core  Engine  Flow  at  Cruise 

Outer  Radius  of  a Disc  or  Cylinder 

2 

Reynolds  Number  : Re  -pur 
Turbine  Shingle  Haight  (see  Fig.  4,1) 

Specific  fuel  consumption 
Turbine  Entry  Temperature 

Disc  tangential  velocity  at  the  pre-awlrl  nozzle  radius 
Pre-swirl  Nozzle  Exit  Tangential  Velocity 

Air  Mass  flow 
Dynamic  Viscosity 
Density 

Surface  Shear  Stress 
Angular  velocity 
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TRANSPORT  ENGINE:  EFFECTS  OF  DISC 
SEALING  FLOW  ON  S.F.C.  AT  CRUISE 

MOTEUR  DE  TRANSPORT: EFFETS  DU  DEBIT  D'AIR 
D'iTANCHtrrt DU DISQUE  SUR  CONSUMMATION 
SPECIF/QUE  EN  CROISlERE 


TOTAL  SEALING  FLOW:  Z OF CORE  ENGINE  FLOW 

DEBIT  TOTAL  D'AIR  ETANCHtlT^ : I DU  DEBIT  DU  MOTEUR  DE  BASE 
Figure  2.1 


TRANSPORT  ENGINE:  EFFECTS  OF  DISC 
SEALING  FLOW  ON  T.E.T.  AT  TAKE-OFF 

(CONSTANT  CRUISE  T.E.T) 

MOTEUR  DE  TRANSPORT: EFFETS  DU  DEBIT  D ’AIR 
D'ETANCHE/Ti  DU  DISQUE  SUR  TEMPERATURE  D'ENTRFE 
TURBINE  AU  DECOLLAQE  (T.E.  T.  CONSTANT  EN  CROISIERE) 


ATET 

*K 


TOTAL  SEALING  FLOW:  X OF  CORE  ENGINE  FLOW 

DEBIT  TOTAL  D'AIR  ^TANCHElTtiZOU  DEBIT  DU  MOTE  UK  DE  BASE 


Figure  2.2 


TRANSPORT  ENGINE:  EFFECTS  OF  DISC 
SEALING  FLOW  ON  CORE  ENGINE  FLOW  MCE 

MOTE  UR  DE  TRANSPORTiEFFETS  DU  DEBIT  DAIR 

DEBIT  DU  MOTEUR  DE 
1 3 BASE 


TOTAL  SEALING  FLOW : 7.  OF  CORE  ENGINE  FLOW 

D(:BIT  TOTAL  D'AIR  eTANCHEIT^  : X DU  OftBIT  DU  MOTEUR  DE  BASE 
Figure  2.3 

MILITARY  REHEATED  TURBOFAN  ENGINE 
EFFECT  OF  DISC  SEALING  FLOW  ON 
S.F.C.  AT  S.L.S.  ALL  H.P.  BLEED 

TURBOSOUFFLANTE  MIUTAIRE  A VEC  POST  COMBUSTION 
EFFETS  DU  DEBIT  D'AIR  D’ETANCHEitE  DU  DfSQUE 
SUR  CONSOMMA  TION  SPEC/F/QUE  S.L.S.  PRISE  D’AIR  H.P. 


IOTAL  SEALING  FLOW:  % OF  CORE  ENGINE  FLOW 

DEBIT  TOTAL  PAIR  ^TANCHtlTE : 2 DU  DEBIT  DU  MOTEUR  DE  BASE 


Figure  2.4 


TURBINE  NOZZLE — ROTOR  GAP 

JEUENTRE  TUYiRE  ET  ROTOR  DE  TURBINE 


Figure  4.! 


DISC  PUMPING:  RESEARCH  MODEL 

POMPAQE  DU  DISQUE:MAQUETTE  DE  RECHERCHE 


DISC  AND  SHAFT  WINDAGE:  EFFECT  OF  PRE-SWIRLED 
COOLING  AIR 

PERTES  DE  POMPAGE  DU  DISQUE  AVEC  APB  RE:  EFFET  DE  L AIR  DE 
REFROIDISSEMENT  PRE-  TOURSULLONNt 
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Figure  4.3 
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Figure  4.4 


PRE-SWIRLED  TURBINE  BLADE  COOLING 
AIR  BY-PASS 

BY-PASS  DEL  MB  DE  REFROIDISSEMENT  DE  PALE 
TURBINE  PRE-  TOURB/LLONNi 


Figure  S.l 


ISOLATION  OF  DISC  PUMPED  FLOW  FROM 
PRE-SWIRLED  TURBINE  BLADE  COOLING  AIR 

DiBIT  POMPi  DU  D/SQUE  /SOLE  DE  L ‘ AIR  DE 
REFROIDISSEMENT  DE  PALE  TURBINE  PRE-TOURBILLONNi 
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DISCUSSION 


11.  L. Stocker,  US 

l would  like  to  reinforce  Mr  Campbell’s  comment  regarding  the  need  for  improved  data  correlation  relative  to  the 
calculation  of  seal  leakage  performance, 

What  information  do  you  have  that  shows  there  Is  a circumferential  static  pressure  gradient  in  the  turbine  - nozzle 
rotor  gap  of  sufficient  magnitude  as  to  cause  hot  gas  in-flow  locally? 

Author's  Reply 

Measurements  in  cold  flow  turbine  rigs  show  considerable  circumferential  variation  of  static  pressure  immediately 
downstream  of  the  nozzle.  Variation  upstream  of  turbine  nozzles  is  apparent  from  vibration  problems  associated 
with  excitation  of  the  rotor  blades  by  these  variations,  Considerable  further  work  needs  to  be  done  before  we  can 
predict  the  effects  on  disc  space  temperature  of  these  variations  in  any  particular  case. 


A.Moore,  UK 

So  far  this  meeting  has  considered  the  sealing  between  rotating  and  static  members  only.  There  are  flow  loaaes  in 
gas  turbines  caused  by  leakage  between  two  nominally  static  parts.  Attempts  to  seal  these  leakage  paths  are  not, 
in  general,  satlafactory.  Would  you  like  to  comment  on  this  problem  please. 

Author'*  Reply 

This  is  certainly  an  important  problem,  particularly  in  the  high  pressure  regions  of  engines.  Leakage  between  parts 
in  rotor  assemblies  can  also  be  considered  In  this  category,  Sealing  devices  using  small  wires  and  strips  are  used  in 
modem  engines  to  minimize  this  sort  of  leakage  and  are  thought  to  be  reasonably  effective,  but  more  investigation 
should  be  done  to  verify  their  effectiveness  under  running  conditions  of  load  and  temperature.  Heavily  loaded 
multiple  flanges  and  nozzle  guide  vane  locating  features  remain  a problem.  The  potential  for  this  kind  of  leakage 
should  always  be  remembered  when  deciding  the  method  of  engine  construction  at  the  initial  design  stage. 


H.Zlmmermann,  Germany 

Could  I extend  this  question?  What  experience  have  you  got  with  piston  rings?  Do  you  use  them  or  do  you 
generally  try  to  avoid  them? 

Author’s  Reply 

Sealing  rings  of  various  types  can  be  used,  including  piston  rings,  These  cun  be  designed  to  accommodate  a 
considerable  amount  of  relative  movement  using  multiple  rings  with  overlapping  gaps.  However  there  is  concern 
over  the  possibility  of  these  more  complex  rings  sticking  in  the  compressed  position  and  thus  leaving  a large  gap. 
Generally,  it  is  felt  to  be  preferable  to  replace  or  supplement  sealing  rings  with  a positively  clamped  joint  where 
possible. 


G.W.Fairbaim,  UK 

You  refer  to  the  difficulties  experienced  in  estimating  the  transient  running  clearances  in  labyrinth  glands.  Do 
you  find  that  predicting  the  transient  behaviour  of  the  disc  space  to  annulus  seal  is  also  a critical  problem? 

What  success  have  you  achieved  in  predicting  running  seal  clearances? 

Author’d  Reply 

The  disc  space  to  annulus  seal  clearance  is  normally  rather  larger  than  labyrinth  seal  clearances  ar.d  so  can 
potentially  be  estimated  with  better  proportional  accuracy.  It  is  felt,  however  that  we  do  not  know  enough  about 
pressure  variation  and  pumping  effects  to  make  much  use  of  this  information  except  to  predict  the  mean  pressure 
drop  across  the  annulua  teal.  This  pressure  drop  It  usually  small  but  often  has  a significant  effect  on  rotor  thrust 
balance. 

The  prediction  of  disc  labyrinth  seal  clearances  has  not  so  far  been  very  satisfactory  owing  to  the  difficulty  of 
estimating  the  transient  thermal  behaviour  of  static  assemblies  with  complicating  features  such  as  bolted  joints. 
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"A  COMKJ  TATSCKAL  TOOL  FOR  MECHANICAL  REAL  DESKIN" 


Dr»  3.S.  Nau,  Group  Head, 

Mr.  R«T.  Rowleo,  Research  Engineer, 
BHRA  Fluid  Engineering, 
Cranfleld,  Bedford,  MK43  QAJ 
England, 


Rotary  mechanical  sails  are  used  for  many  rotary  aeaitng  duties,  gas  turbine 
engine  fuel  pumps  for  Instance.  The  factors  effecting  performance  of  such  seals 
have  been  lntenslvoly  studied  In  reoent  years,  so  that  it  Is  now  feasible  to  Incor- 
porate this  knowledge  into  a computer  program  as  a design  tool.  The  paper 
describes  how  this  has  been  done  at  BHRA  in  a program  which  takes  account  of: 
surface  topography;  interfacial  film  dynamics,  with  oavltatlon  allowed  for;  self- 
generated  beat;  thermal  distortion;  and  distortion  due  to  the  sealed  pressure. 
The  significance  and  treatment  of  the  various  factors  are  discussed  end  the  pro- 
gram structure  outlined. 


1.  FACTORS  AFFECTING  MECHANICAL  SEAL  PERFORMANCE 

A typical  mechanical  seal  is  Illustrated  In  Fig.  1,  The  factors  affecting  design  and  performance  of  meohan- 
tcal  seals  havs  bean  discussed  In  detail  In  Ref.  1,  the  physleal  (and  chemical)  processes  Influencing  seal  performance 
otn  be  summarised  aa:- 

- lubrication  of  the  sliding  Interface 

- heat  transfer  of  frlotlonal  heat 

- structural  distortion  of  the  sealing  faces 

- comp  stability  of  the  seal  components  with  tine  sealed  fluid. 

Several  lubrication  modes  occur  under  different  operating  conditions  but  under  the  steady  running  oondltlons 
with  which  this  paper  is  concerned  the  hydrodynamic  lubrication  mode,  combined  with  some  hydrostatic  support,  Is 
generally  believed  to  be  predominant.  Questions  of  material  compatibility  are  outside  the  scope  of  the  present  paper. 

Early  experimental  work  (Ref,  2)  established  that  hydrodynamic  films  are  generated  in  the  eliding  interface 
of  the  seal  and  this  has  been  confirmed  by  several  subsequent  workers.  The  film  thickness  is  typically  about  0.001  mm 
and  In  generated  by  viscous  shear  interacting  with  residual  wavtness  of  the  nominally  flat  faces.  Any  structural  stresses 
causing  seal  face  displacements  of  this  order  of  magnitude  produce  significant  changes  In  the  hydrodynamic  situation, 
and  hence  In  seal  performance.  Any  design  procedure  must  take  this  into  account,  particularly  atralns  resulting  from 
the  sealed  pressure  on  the  one  hand  and  thermal  stresses  on  the  other,  Thermal  stresses  arise  particularly  from  the 
temperature  variation  through  the  seal  resulting  from  the  generation  of  heat  in  the  sliding  Interface  - typically  a fow 
hundred  watta  for  a 60  mm  diameter  seal.  The  effective  heat  sink  it  usually  the  sealed  liquid  although  heat  la  also 
lost  to  the  shaft  and  housing  and  hence  to  the  outiide  environment, 

1.  SEAL  DENQM  GOtttUDKHATIONB 

In  the  present  work  attention  is  concentrated  on  ths  main  design  parameter  whloh  cannot  be  readily  deter- 
mined by  simple  means,  this  is  the  interface  loading.  In  gener  ,1  this  load  derives  partly  from  hydraulic  pressure 
acting  on  the  rear  of  the  floating  teal  ring  and  partly  from  the  apring(s)  acting  on  this  member.  It  is  required  that  the 
load  should  minimise  the  interface  film  thickness  whilst  avoiding  phystoal  contact  between  the  eliding  faces.  Part  of 
tha  applied  load  la  carried  by  the  hydroetatln  pressure  field  in  the  Interface  film  and  the  balance  by  the  hydrodynamic 
pressure  Held,  and  both  oomponenta  are  modified  by  any  ohanga  in  the  profile  of  the  Interface  film  due  to  the  oauaes 
already  mentioned.  Clearly  It  la  not  a wimple  matter  to  evaluate  the  optimum  load,  In  practice  the  load  Is  evaluated 
by  some  combination  of  experience  and  more-or-less  approximate  estimates  of  ths  load  component  carried  hydrostatic- 
ally. The  preeent  work  was  undertaken  to  eliminate  some  of  the  uncertainties  inharent  In  currant  design  procedures, 
ths  approach  followed  being  to  apply  the  results  of  earlier  experimental  studies  to  the  generation  of  a computer  program 
which  would  predict  the  seal  loading  required  for  Individual  applications. 

$.  COMPUTER  PROGRAM  DESIGN  COMSOERATtGM 

1,1  Geaaral 

Technical  considerations  apart,  certain  genaral  considerations  wars  given  particular  emphasis  In  the  design 
of  the  computer  program  : it  should  be  reasonably  economic  in  terms  of  computer  processing  time  and  computer  store 
demands i ths  input  data  presentation  and  information  output  should  be  In  s form  facilitating  use  by  the  designer  as 


19-2 


opposed  to  the  lubrication  solentlst  or  computer  socialist. 

To  meet  these  requirements  the  approach  adopted  was  one  In  which  general  purpose  programs  for  stress 
analysis  or  thermal,  analysis  were  avoided  In  favour  of  purpose- written  routines  tailored  to  the  particular  requirements 
of  the  mechanic ul  seal  geometry.  The  policy  has  also  been  to  aim  for  simplification  rather  than  generalisation.  Thus, 
for  example,  antisymmetric  distortion  modes  are  known  to  be  very  Important  (Ref.  3)  and  are  Included  whereas  asym- 
metric modes,  though  possibly  of  significance  in  some  oiroumstances,  are  regarded  as  second-order  effects  and 
neglected  with  useful  simplification  of  the  analysis  (reducing  stress  wd  thermal  analysis  to  two  dimensions).  The  use 
of  a modified  ring  theory  (Ref,  7)  provides  further  simplification  at  the  expense  of  limiting  validity  to  seals  with 
radial  thickness  small  relative  to  the  mean  radius,  a not  unreasonable  assumption  for  most  seals. 

3. g Discretisation 

For  the  purpose  of  the  numerical  analysis  a computational  grid  has  to  be  Imposed  over  the  seal  croBs-seotton. 
In  the  present  case,  a two  level  grid  system  le  used.  Typical  seal  rings  can  be  visualised  as  comprising  a series  of 
reotangular-seotlon  rings  which,  in  reality,  are  Joined  to  form  a continuous  body.  These  rectangular  'parts"  form  the 
high-level  grid  for  the  analysis,  and  each  part  le  permitted  different  physical  properties.  Each  rectangular  ’part"  Is 
next  subdivided  by  a finer  rectangular  mush,  at  the  nodee  of  which  temperatures  will  be  evaluated.  This  low-level 
mesh  can  vary  from  part  to  part,  provided  there  te  continuity  across  part-boundaries,  this  Is  a useful  facility  for 
dealing,  with  regions  of  rapidly  changing  temperature.  The  high-level  grid  is  used  both  In  the  stress  analysis  and  to 
simplify  the  computer  Input  data  presentation.  An  example  of  a Beal  with  the  two-level  grid  1b  Bhown  in  Fig.  2. 

3.3  Temperature*!  sod  thermal  momenta 

It  will  be  noted  that  the  grids  in  Fig.  2 extend  over  both  seal  rings  and  also  the  interface  film,  the  latter 
being  treated  as  a heat  source  In  the  thermal  analysis.  Another  feature  of  Fig.  2 la  the  presence  of  additional  external 
'parts"  on  wetted  surfaces.  These  external  parts  facilitate  the  treatment  of  the  heat  transfer  boundary  conditions.  The 
Internal  nodes  In  these  parts  have  a specified  temperature  which  is  that  of  the  bulk  liquid,  which  being  In  a turbulent 
state  Is  assumed  to  bo  effectively  of  uniform  temperature.  The  half-thickness  of  the  part  is  taken  to  represent  the 
laminar  sub-layer  of  liquid  attached  to  the  seal  ring,  heat  transfer  from  seal  to  bulk  liquid  being  controlled  by  conduct- 
ion through  this  laminar  sub-layer.  In  general,  the  thermal  analysis  permit*  two  boundary  condition  types  i specified 
temperature  and  specified  flux. 

A temperature  map  Is  computed  from  Poisson's  equation  using  the  ipproprlete  Interface  flux  and  external 
boundary  conditions.  From  these  temperature  values  thermal  moments  about  the  centroid  of  the  floating  aeal  ring  are 
evaluated  to  be  added  to  the  hydraulic  moments  calculated  elsewhere  In  the  program.  The  total  moment  Is  then  used 
to  evaluate  the  axlsymmetrlo  ring  distortion  which  modifies  the  seal  face  geometry.  An  Iterative  procedure  (Fig.  3) 

Is  used  to  take  account  of  the  Interactions  of  dint'  i Hon,  heat  flux  and  film  pressures. 

3.4  Face  Distortion 

The  axlsymmetrlo  moment  (M)  producing  face  distortion  includes  the  above  thermal  moments  plus  an  hydraulic 
moment  duo  to  the  fluid  pressures  acting  on  the  various  wetted  surfaces  of  the  seal.  The  hydraulic  momenta  are 
straightforwardly  calculated  In  the  program  once  the  coordinates  of  the  overall  oentrold  of  the  floating  ring  have  been 
determined  from  the  geometric.  I Input  data.  Too  thermal  moments  are  evaluated  by  regarding  thermal  stresses  as 
equivalent  to  distributed  body  forces  (Ref.  8). 

The  stlfness  of  the  floating  seal  ring  in  Its  axlsymmetrlo  ring  distortion  mode  is  dependent  on  the  second 
moment  of  area  (I)  about  a radial  axle  through  the  oentrold.  Ibis  quantity.  Ilk*  the  oentrold  coordinates,  Is  quite 
simply  evaluated  by  summing  the  contributions  of  the  Individual  'parts".  Given  the  values  of  M,  I,  elastic  modulus 
E,  and  mean  radius  r , the  angular  distortion  le  given  by.- 


1.1  Interface  film  pressure 

The  appropriate  equation  for  evaluating  the  film  pressures  , and  henoe  the  load-oapaoity  of  the  film,  te 
Reynold*  lubrloattoo  equation  In  polar  coordinate!  (Ref.  9). 


where  ell  variables  have  been  non-dtuenslonsllsed.  The  quantity  W m K(c,p)  it  the  dimensionless  film  thickness 
and  Is  obtained  by  combining  the  Initial  seal  face  profile  with  any  modification  due  to  the  distortions  described  above, 

The  eolutlon  of  the  Reynolds  equation  Is  not  simple  tine*  account  must  be  taken  of  'cavitation'  In  regions 
where  film  proaeur*  falls  below  the  pressure  at  which  the  liquid  Is  saturated  with  gas.  Effeotlvtly  the  oovltstlcn  region 
has  an  Initially  undetermined  boundary  which  Is  on*  of  the  boundaries  of  the  region  lu  which  Reynolds  equation  te  to  be 
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solved. 


The  procedure  employed  to  overcome  this  difficulty  involves  a finite  difference  procedure  in  which  the  film 
is  scanned  radially  for  each  Incremental  9-value  In  turn,  solving:  for  p along  the  radial  row  of  computational  nodes,  until 
the  cavitation  region  is  reached  (Indicated  by  p £ p The  procedure  around  the  cavitation  region  Is  similar  except 
that  the  radial  scan  Is  only  between  the  cavity  boundaries  and  the  sual  edges.  Assumption  of  a tentative  radial  co- 
ordinate for  the  cavity  boundary  location  permits  calculation  of  -he  liquid  film  pressures  for  the  current  value  of  9 
and  hence  the  net  flow  into  a control  volume,  Fig.  4,  If  the  net  flow  la  not  effectively  zero  the  tentative  position  of  the 
oavlty  radial  coordinate  at  & is  adjusted  and  the  process  repeated.  This  procedure  1b  employed  separately  for  the 
radially  external  and  Internal  cavity  boundaries  at  the  current  * . By  this  mesne  the  cavity  boundary  la  generated  auto- 
matically aa  the  computation  proceeds  circumferentially. 

The  efficiency  of  this  solution  procedure  for  Reynolds  equation  Is  such  that  adequate  convergence  Is  usually 
obtained  within  a few  circumferential  sweeps  of  the  seal. 

The  Importance  of  an  effective  treatment  of  the  cavitation  region  Is  Illustrated  by  Fig.  5.  This  shows  the 
extent  of  the  cavitation  regions  for  the  two  extremes  of  cavitation  pressure  (zero  absolute, and  ambient)  and  In  both 
oases  a large  proportion  of  the  film  is  oavltating,  this  Is  due  to  the  high  rotational  speed  oombining  with  the  aur f-oe 
waveform  to  produce  very  intense  hydrodynamic  pressures.  Fortunately,  ctuce  the  value  Is  not  easy  to  define,  the 
value  of  the  cavity  pressure  hss  only  a minor  effect  on  the  total  load  capacity  and,  therefore,  on  the  required  closing 
force. 

4.  KXAMPLE3  OF  INPUT  i-M)  OUTPUT 

Typical  Input  data  lists  are  Illustrated  in  Fig.  6.  Input  Tables  1-5  relate  to  the  thermal  and  deflection  comput- 
ations with  the  size  of  the  problem  defined  in  Input  Table  1 and  the  mesh  and  dimensions  for  each  'll  art"  in  Input  Tnble 
2.  Physical  properties  of  the  seal  are  tabulated  in  Input  Table  3.  The  topology  is  defined  by  Input  Table  4,  which  Uste 
for  each  part  the  neighbouring  part  and  boundary  condition  (type  and  value)  to  left  and  right , and  above  end  below  the 
part  in  queatlon.  For  sxample,  part  1 has  neighbours  53,  2,  4 and  52  with  temperature  boundary  values  of  60  C on 
two  (wetted)  sides  and  a value  "zero"  on  the  remaining  sides,  indicating  internal  interfaces.  The  next  input  table  seta 
the  initial  guess  for  the  part  temperatures. 

Information  required  by  the  lubrication  equation  is  set  out  in  Input  Table  6,  Items  of  particular  Interest  ir 
this  list  are  the  minimum  film  thickness,  surface  wave  amplitude  and  number  of  waves  which  together  define  the  film 
profile. 

Examples  of  output  are  shown  in  Fig.  7 and  8,  part  of  the  thermal  map,  and  the  final  design  and  performance 
parameters  respectively.  The  section  of  the  thormal  mop  shown  in  Fig.  7 relates  to  two  "parts"  forming  the  interface 
fllm,ihl»  Is  useful  as  an  indication  of  the  risk  of  vaporisation  due  to  elevated  film  temperature.  The  key  Item  of 
Information  tu  the  output  la,  of  course,  the  seal  closing  load  required  to  operate  at  the  specified  minimum  film  thickness. 

6.  DiBL’U88ION  AND  CONCLUSIONS 

The  program  described  la  in  the  final  stage  of  testing,  although  much  running  has  alro*  achieved  for 

major  segments  such  as  the  thermal  and  lubrication  elements.  These  a' sc  »ir.lst  independently  aa  • contained 
programs, 


Tue  validity  of  a program  auch  as  this  is  not  easily  established  but  in  the  present  case  a par  allel  project 
involving  an  experimental  program  on  high-speed  fuel  pump  seals  Is  in  progress  and  will  be  used  for  validation  purposes. 
Cnee  confidence  has  been  established  In  the  program  it  can  be  expected  to  be  of  great  value  in  speeding  up  the  design 
of  mechanical  seals . 
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INPUT  CAT*  TA4|_f  1 - NUMPMl  nf  pants 


THim  All  42  INTPNNAl.  PANTS 

THIS!  AM  41  PASTS  licuirtm  NOljMiAllll 

TNI  MLM  C0N4IIYI  np  J PAITI 


INPUT  DATA  TANK  2 - PAST  Bl-iNlIM!* 


LlNlYN  01  IIOII 
AXIAL  SAPIAL 


PANT 

NVMIIS 


HUH  in  pant 

AXIAL  SAllAI, 


ll-OYH  OP  HOPS 


axial 


A A 0 1 A L 


PANT 

NUNNIN 


HUH  IS  PANT 
axial  SAPIAL 


1.17* 

1.17* 

4,741 

1.17* 

1.17* 


S.4IA 

1.7*1 

1.7A0 

1,7*0 

1.111 


10 


J.171 

4,7*1 

1,171 

I, 17* 

J. 17I 


1,7*0 

1,1*1 

1,l*« 

1.1*1 

1,7*0 


INPUT  OATA  TAAir  1 . PSOPfiTION 


PANT  THINHAL  TOUNNl 

*UH*IN  CONNUCTlVITV  N'lOULU* 

4/NN.N  N/|0  PH 


YMINMll 
PXPAN* I ON 
(OIMICIINT 
/X 


PANT  TUISN4L  VOUNOI 

NUHIIS  CONpUCTIVITT  NOIULU* 
M/PH , X 1/ ft*  HP 


thinhal 

IXPAPftlON 

COIPMCIIMT 

/X 


1 

I 

} 

7 

» 


0,011*70 

0,01**70 

0,01**70 

0,01**70 

0,01*170 


n.ltlftii  o» 
0,1*111  4* 
0,1*111  o* 
0,1*111  o* 
0,1*111  o* 


0,1*007-04 
0, 1*007-04 
0, 1400N-04 
0,1*001-04 
0,1*001-04 


1C 


0,011170 

0,01*170 

0.01**70 

O.OHJ70 

0.01ft>70 


0,1*111  0*  0,1*001-04 
0,1*111  0*  0,1*0*1-04 
0,1*11*  «*  0,1*001-04 
0,1*110  04  0,140*0-04 
0,1*111  *4  0, 14001.00 


*A»T 

NUHlift 

1 

I 

1 

4 

> 

4 

7 

I 

« 

10 


INPUT 

BATA 

THHI  4 • 

•OUIOAAI 

1,  iiounoart  valuii 

IN  C 

oo  w/tt  hms 

MIINAOUI 

LHft 

TO* 

mu 

•ovroN 

MIT 

TYM 

■OUfOARY 

MIT 

TYP, 

iounoary 

PANT 

TVM 

AOUNCAIV 

PART 

TYr* 

oouNta.v 

Y A i,M 

VALUP 

44LUI 

VALUI 

%S 

2 

AO.Oflu 

7 

2 

0.000 

4 

2 

0,000 

12 

1 

00,000 

M 

2 

*0,0*0 

S 

I 

0.000 

1 

2 

0,040 

1 

X 

0,000 

>1 

2 

A(»,0*0 

u 

1 

40.000 

»7 

I 

*0,040 

2 

X 

o.ooo 

1 

2 

0,000 

% 

X 

0.000 

4 

> 

0,040 

*1 

X 

00,000 

2 

2 

0,000 

S| 

1 

40,000 

7 

2 

0,000 

4 

X 

o.ooo 

4 

2 

0,000 

t 

I 

0.005 

* 

•y 

0,040 

10 

1 

*0.0*0 

5 

2 

l»,0O« 

A 

I 

0,000 

10 

2 

0.004 

5 

I 

0,000 

0 

1 

o.ooo 

0 

1 

0,000 

11 

f 

0,040 

7 

1 

0,000 

A 

2 

0,000 

m 

a 

0,000 

14 

2 

0.000 

49 

X 

00,000 

7 

I 

11,000 

is 

i 

o.ooo 

11 

2 

o.ooo 

t 

X 

0,000 

INPUT  n*TA  TAIL!  ft  • IITIhaTIO  PANT  TftNpl  NATUsll  AN*  CONTiT'L  *AT  A 


PANT  ftftTIHAHS 
NUHIVN  TIMPINATUNI 


PANT  1ST IHNTIO 
NUHIIN  TIHPPSNTUII 


AANT  IITIHATIO 
NUHIIN  TIMPINATUNI 


PANT  IIVINATI* 
NUNNIN  TIMPINATUNI 


1 41,440  I 

I 70,440  * 


PI, 000  I 

71,000  7 


41,000  4 70,000 

*0,000  A (0.000 


TNI  HAXINUM  NUHIIN  np  ITINATIOM  TO  *1  OANNII*  OUT  II  OOO 
INTINHCII  ATI  NIlULTft  UHL  M PNINTNO  OUT  IVINV  100  ITIIATIONI 


TNI  IOLUTION  |l  COXIIOMIO  TO  I*  CONVIMI*  UN|N  TNI  LANIIIT  TIMNINATUSI 
OIMIMNCI  IITUIIN  ITIIATIONI  IN  ANY  MIT  II  0,011  *1*1*11  CINTI****! 

TNI  PILH  CONIIITl  4|  PAITI  (7  2*  1* 


TNI  IOALII  P LU  t b II  ON  TNI  INftlHP  ON  TNf  UAL,  PNIIIUll  ■ 0,4*01  00  N/IO.HN 


INPUT  DHTA  INH.K  < - SLIUINO  INTSftf  ACC  PHAAMCTSRS 


tCAt  rur.  oo  ■ 

1 CM.  FAC!  WIDTH  * 
OIANCTCR  RATIO, A » 


OITCO  M 
001*0  M 
iMT 


MINIMUM  riLH  THXCKNfcSS.HMlN  ■ .0000-Ob  (• 
N*Vt  AHJUTyec.HAMP  * .MOO-M  ► 
TILT  AATIO.C  * .333 


MAXIMUM  rilM  AT  ANAUaWII 
PACE  DI5T0ATI0N.PCX  * 
VISCOSITY  » 

SHAFT  SACCO  ■ 


.0000 

.0000 

•1200-02 

.*300400 


l. AOIAHS 
fadiw.s 

m. s/h 

n»H 


MO,  OP  MAVrSilW  N 3 

MCSIl  DIMTNSIOMSaM-M  * 21-40 


PACSSUACSI  INTEBHAL.PI  h 
CXTWNALaPO  « 
eAVlTATIOtl.l’CAV  a 


.00000  M/sc  M 
•31*004*4  M/SO  M 
-.1000040*  M/liO  M 


Fig.  0 Input  del*  for  computer  program 
(oampl*  only). 
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OUTPUT  T»H!  1 - TIHPIRATURI  F 1 1 ID  IDIIAIII  CINTISAAAF 


CCAVIASENCV  CRITERION  IS  0.001  MINUS  CENT10AADE 

MAX  I HUN  TINMRATURt  RIFFEAINCI  9ITUEIN  IVIRATIONS  IN  ANY  ONI  RANT 


TINPIRATUAII  IN  PARI  27  - FUN 

NIAT  IOURCI  0. 14731  02  MATTSiUNIT  VOLUNI 

TINPINATURIS  IN  PART  20  - FILM 

NIAT  SOURCI  MI1II  02  HATTI/MNIT  VOLUNI 

TINPINATURIS  IN  PART  20  - FUN 

NIAT  IOURCI  0.10111  IS  WATTI/UNIT  YOCUM 


OUTPUT  TAIil  2 * CINTROI OS  ANN  IICQNI  NOMINT  OF  ILAITKITV 


1, 

PART 

CINTROIO 

CINTROIO 

MKT 

CINTNOIO 

CINTROIO 

PART 

CINTROIO 

i 

NUNaia 

AXIAL 

RAOIAL 

MUNICH 

AXIAl 

RAOIRL 

NUMMA 

ANIAL 

1 

1.107 

0.704 

2 

1.117 

2,471 

1 

1.3U7 

A 

3.110 

0.7PA 

1.130 

2.470 

A 

P.32I 

I 

0 

0.321 

2.A7I 

• 

*.523 

4,0*1 

♦ 

12,700 

OIOIAL  CENTROID 

RINS  1 

- AXIAl 

14.031 

' RADIAL 

0.001 

0 LORAL  CINTNOI0 

NINS  2 

- AXIAl 

10.002 

* RADIAL 

3,140 

SNOI1  • 0.12101  10  IN0I2  • 0.11121  00 

OUTPUT  TAIU  1 - MOMENTS  ANN  OISTORTIOXt 
TEMPERATURE  AT  THE  SlURAl  CENTROID.  RINS  1 71.0.  NINO  2 *0.4 

THERMAL  NOME NT l NINO  1 ■-A.20J4E  01N.NM/NN  CIRC.  RINS  2 « 0.13301  OJH.NN/HM  CIRC, 

PRESSURE  MOHCMTl  H I NS  1 ••D.1S04E  02N.NM/MH  CIRC.  RINS  2 • 0.32AM  02N.NN/NM  CIRC, 


TNI  PISIORTION  III  RINa  1 II  -0.7213I-0J  RADIANS 
THE  OISIORTIAII  III  AINU  2 IS  0.1990T-A2  RADIANS 


POSITIVE  MOMENTS  AND  DGFLECTIONS  ANE  CLOCNUISE 

Fig.  7 Output  from  computir  progrim  : Umporaturoa 

(Mxuplo  only)  Rod  vurioui  Intermediate  paraicatera, 

P7SIH.TB  'T  AII7.Ur.TS 


.ROT  .333  Cl  20 

AVeNAOC  riUA  rPCSSlTC  = ,310*406  ll/SO.II  CLOSIlIl  ror.cr  Ki:cUIREn  s .3*46341/2  N 

PNICTloll  roNCE  “ .30000401  II  OVtRRU.  LEAKAW  m .U0V04C2  MtVl.l,  PO| 


POVtK  * .1*30/403  NAfTS 


Fig.  8 Output  from  computer  program  i aaal 
daalgu  and  performance  par  am  Mora. 
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DISCUSSION 


AJ.B.Jackson,  UK 

What  are  the  limitations  of  the  technique  you  describe  in  respect  of  Him  thickness?  You  describe  a minimum 
thickness  - is  there  a maximum  thickness? 

Authors’  Reply 

The  upper  limit  on  our  analysis  is  determined  by  the  assumption  of  negligible  fluid  velocities  normal  to  the  plane 
of  the  Him,  one  would  imagine  this  to  be  valid  to  the  upper  limit  of  typical  bearing  dims,  say  1 .0  mm,  The  lower 
limit  is  fixed  by  the  transition  from  hydrodynamic  to  boundary  lubrication  and,  hence,  by  surface  roughness. 

For  a face  seal  the  latter  might  be  about  0.0002  mm. 


A.Pautot,  France 

Quciie  est  i’influence  de  la  rugosltd  des  surfaces  sur  I’dtublissement  du  film  d’huile,  Spdcialement  dans  le  cas  d’une 
rugositd  tiis  foible  on  observe  un  dchauffement  des  faces.  Avez  vous  vdrifid  ce  fait? 

Authors’  Reply 

We  believe  that  waviness  is  normally  more  important  than  roughness  in  mechanical  seals,  since  it  provides  an 
efficient  hydrodynamic  mechanism  for  separating  the  two  surfaces  and  so  keeps  apart  the  roughness  asperities. 
Most  of  our  test  work  has  been  with  seal  faces  polished  to  permit  examination  under  an  optical  flat,  we  hate  not 
observed  overheating  with  such  seals. 


L-P. Ludwig,  US 

Would  you  comment  on  the  existence  of  liquid  to  vapor  interface  developing  because  of  high  speed  shear  of  the 
liquid  film? 

Authors’  Reply 

A vapour  Interface  is  predicted  by  our  computer  model  of  the  Him  hydrodynamics  but  this  has  certain  limitations 
since  it  is  assumed  to  be  at  a pressure  Pcty  which  has  a single  value  input  as  data.  In  practice  there  would  be  a 
range  of  values  corresponding  to  different  liquid  temperatures  and  since,  of  course,  the  temperature  varies  radially 
over  the  sealing  gap  this  too  must  be  taken  into  account.  Our  total  flow  conservation  method  of  handling  the 
prediction  of  the  cavity  boundaries  could  in  fact  be  adopted  to  treat  this  more  general  situation. 
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ROUND  TABLE  DISCUSSION 


Mr  A.I.B  Jackson,  us  the  moderator  or  the  Round  Table  Discussion,  opened  the  Session  and  introduced  the  Round 
Table  Panel  Members: 

Mr  A.J.B.JACKSON,  (Moderator)  UK 


Prof.  J.CHAUVIN  Belgium 

Ing.G^n.A.JOURNEAU  France 

Prof.  F.WAZELT  Germany 

MrB.WRIGLEY  UK 


AJoumeau:  ic  prdfdre  que  Ton  n’emploie  pas  le  terme  d’expert  A mon  sqjet  dtant  donnd  que  je  ne  suis  pas  du  tout 
specialists  des  joints  et  que  j’en  ai  surtout  entendu  parler  au  cours  de  cette  session  qui  a 6ti  trds  instructive  pour  moi, 
car  elle  m’a  fait  prendre  conscience  de  ('importance  de  poursuivre  des  recherohes  dans  ce  domalne.  Je  me  contenteraj 
done  de  faire  quelques  remarques  gtinirales, 

Si  je  ne  me  trompe,  e'est  le  premier  meeting  organ  lad  par  le  PEP  sur  ce  sujet  et  si  1'on  compare  cette  situation  aux 
nombreux  meetings  qui  ont  dtd  consacrds  aux  dcoulements  prinetpaux  dans  ies  compresseurs  et  dans  les  turbines,  on 
peut  dire  que  le  rapport  du  nombre  de  communication  est  peut-dtre  proportionnel  au  rapport  des  ddbits  de  fluide  dans 
les  deux  cas.  Alors  qu'on  arrive  a dtudier  ce  qui  se  passe  dans  les  dcoulements  secondaires  des  turbomachines,  c’est-A-dire 
dans  les  coins,  dans  les  bords  de  l’dcoulcment  principal,  1A  oil  interviennent  les  phdnomdnesdc  couche  limite,  tridimen- 
sionnels,  et  ceci  surtout  en  vue  d’accrottre  ies  performances  des  Stages  d’aubages,  it  me  semble  qu’on  a encore  peu  dtudid 
les  dcoulements  dans  les  joints  A passage  de  fluide.  Ce  sq|et  a heureusement  dtd  abordd  au  cours  de  ce  meeting,  en 
particulier  au  cours  de  la  session  IV  d'hier  oil  nous  avons  eu  deux  dtudes  scientifiques  trds  intdressantes. 

Si  on  conslddre  (’importance  des  joints  dans  les  couts  d’exploitation,  les  dconomies  d'dnergie,  la  sdcuritd  d'emploi 
des  turbomachines,  comme  celA  a dtd  mis  en  dvidence  par  les  exposes  des  utilisateurs  opdratlonnels,  en  particulier  par 
Mr  Smith,  il  me  semble  que  I’effort  de  recherche  devrait  dtre  accru.  Des  recherches  de  base  devraient  etre  mendes  tant 
en  ce  qui  conceme  les  systdmes  avec  contact  solide  (probldmea  de  matdriaux,  recherche  sur  le  frottement)  que  les 
systdmes  A joints  gazeux,  A labyrinthes  avec  une  etude  approfondie  de  ces  dcoulements  entidrement  tridimonaionnehi, 
ainsi  que  des  dtudes  sur  ies  phdnomdnes  vibratoires  et  les  transferts  thermiques. 

Je  n'en  dirai  pas  plus;  je  pensc  seulement,  qu'au  cours  de  cette  (able  ronde,  il  serait  bon  qu’un  dchange  de  vue 
entre  chercheurs  d’une  part  et  utilisateurs  d'autre  parr  permette  de  niieux  ddgugcr  les  objectlfs  de  recherche  et  de 
ddfinir  des  prloritds  parml  ceux-ci. 

LP.Ludwig:  As  we  got  into  the  meeting  it  became  apparent  that  we  had  a very  complex  subject  and  our  research 
efforts  should  be  stepped  up.  I certainly  wut  Impressed  with  these  papers  and  this  AGARD  meoting.  In  general,  it  was 
gratifying  to  see  the  number  in  attendance  and  the  interest  shown  by  the  people  present. 

As  has  been  pointed  out  by  a number  of  comments,  we  did  not  get  into  all  the  subjects,  e.g,,  static  seals  (we  only 
skimmed  over  them);  and  we  also  did  not  get  Into  the  very  important  subject  of  wear.  We  need  to  know  more  about 
wear  mechanisms  because  we  have  been  talking  about  running  very  dose  clearances  which  lead  to  rubbing  contact. 

The  subject  of  wear  theory  and  experiments  would  take  another  whole  meeting.  I might  just  mention  that  we  am 
doing  some  work  on  the  theoretical  and  experimental  aspects  of  wear.  A number  of  new  theories  have  surfaced  within 
the  last  couple  of  years  that  are  interesting  and  suggest  that  we  might  now  be  in  a position  to  put  together  a better 
wear  model.  This  wear  model  would  involve  the  surface  instability  mechanism  which  1 mentioned  was  first  investigated 
by  Barber  (Reference  50  of  Paper  No.  1)  and  is  now  being  studied  by  Burton  (Reference  51  of  paper  No.l).  Also  the 
wear  model  would  probably  need  to  take  into  account  some  of  the  aspects  of  machining  theory,  both  cutting  and 
grinding.  For  example,  in  the  compressor  there  are  high  speed  blades  cutting  into  abradable  materials;  and  there  are 
aome  aspects  of  grinding  when  abrasive  blade  tips  rub  against  ceramic  materials  in  the  high  pressure  turbine,  or  when 
vanes  rub  ugainst  the  abrasive  coating  on  drum  rotors.  Some  of  these  machining  mechanisms  are  currently  being 
investigated  at  Ohio  State  University  in  the  USA  under  a NASA  grant. 

In  addition,  there  have  been  some  theories  developed  involving  the  thermally  affected  surface  layer,  some  call  it 
the  “frictional  energy  affected  layer’’.  (R.Bill  of  NASA  Lewis  Research  Center  and  L.Roseanu  of  Technlon,  Israel 
have  published  work  on  these  surface  layers.)  We  suspect  that  this  thermally  affected  surface  layer  may  be  responsible 
for  the  sometimes  very  destructive  blade  metal  transfer  (to  the  shroud)  in  a high  pressure  turbine.  In  a turbine  the 
blade  passing  frequencies  are  greater  than  ten  thousand  blades  a second  and  if  transfer  starts  on  the  shroud  we  can 
quickly  machine  a very  large  gap.  With  ten  thousand  blades  per  second  even  if  each  blade  contributes  a very  thin 
layer,  the  transfer  would  quickly  build  up, 

Also  when  we  talk  about  friction  und  wear,  we  have  to  be  concerned  with  the  dynamics  of  the  whole  system. 

There  is  a possibility  of  inducing  backward  whirl,  which  is  part  of  the  rotor  dynamics  problem  mentioned  in  the 
lint  paper,  and  1 was  pleased  to  see  the  paper  by  Benckert  and  Wachter  on  the  effects  of  non-uniform  clearances  and 
its  relation  to  shall  dynamics;  this  is  a very  important  subject  especially  in  the  very  high  pressure  machines. 

As  for  as  the  labyrinth  seals  are  concerned,  we  will  always  have  a large  number  of  labyrinth  seals  in  engines. 

And  certainly  the  systematic  study  whiuh  Allison  presented  will  go  a long  way  towards  clarifying  some  of  the  questions 
regirding  effects  of  mating  materials,  such  as  honeycomb  and  porous  materials;  and  the  labyrinth  transport  phenomena 
which  was  the  subject  of  the  paper  by  Boyman  and  Sutor  was  very  Interesting  and  informative. 


in  relation  to  the  wear  study,  there  are  some  other  comments  which  relate  to  some  other  questions  asked  yesterday 
on  labyrinth  thermal  stability.  This  is  related  to  the  thermal  transfer  and  heat  split  into  the  shrouds  and  down  into  the 
rotor.  This  is  a very  complex  situation  and  some  very  odd  things  may  happen.  Sometimes  the  contact  on  a labyrinth 
seal  will  only  be  a small  arc  - maybe  5 degrees.  I think  there  is  a picture  in  the  first  paper  showing  what  can  occur 
when  the  shroud  rubs  into  the  rotor.  The  first  point  on  the  labyrinth  knife-edge  which  happens  to  contact  grows 
thermally  - it  forms  a macroscopic  tooth  on  the  knife-edge  outside  diameter  (or  hot  spot)  and  this  eventually  wears 
down  and  some  other  point  makes  contact.  So  we  get  a whole  series  of  small  contact  events.  Thus  the  heat  transfer 
down  into  the  rotor  is  very  different  in  this  case  as  compared  to  its  rubbing  ail  the  way  around  the  knife-edge.  And 
certainly  more  research  should  be  made  into  this  question  of  heat  split  and  thermal  transfer. 

The  paper  we  had  this  afternoon  by  Campbell,  brought  up  a subject  which  we  have  somewhat  ignored  for  quite  a 
while,  and  that  is  the  secondary  flow  system  design,  and  in  particular  sealing  to  prevent  the  ingestion  of  hot  gas  down 
into  the  turbine  cavities.  As  engine  design  advances  to  higher  temperatures  and  pressures,  the  secondary  flow  system 
will  assume  even  more  importance,  and  more  attention  should  be  given  to  this  subject,  particularly  in  the  turbine 
where  hot  part  life  and  thermal  cycling  are  critical  factors. 

F.Wazelt:  Now  comes  the  view  of  a non-expert  again  and  it  will  be  a view  from  some  distance.  I am  not  actively 
involved  in  the  development  of  seals  and  if  this  is  a handicap  or  an  advantage  we  will  all  know  in  a couple  of  minutes. 

First,  let  me  give  some  of  my  personal  observations  and  impressions  on  the  current  status. 

Air  Path  Seals 

Deformations  between  rotor  support  and  rotor  under  mechanical  and  thermal  loads  are  observed  resulting  in 
transient  relative  movements  between  those  two  components  and  leading  to  occasional  contacts,  rubs.  These  contacts 
seem  to  me  to  be  currently  accepted,  Much  of  the  effort  and  work  we  have  heard  about  tries  to  minimize  the  damage 
done  during  such  contacts  and  to  absolutely  prevent  catastrophic  failures.  The  measures  which  are  used  are  design  and 
material  selection  for  the  seal  surfaces.  In  essence,  it  looks  to  me  at  this  stage  that  we  allow  our  machines  to  adjust 
the  required  clearances  themselves  by  working  at  it. 

During  engine  operation  we  observe  performance  deterioration  - a portion  of  it  is  identified  as  being  due  to  seals. 

I had  the  impreision  that  it  ia  not  entirely  clear  if  under  different  loads  different  rubs  cut  deeper  grooves,  what  part 
erosion  plays  in  this  change  of  clearance  and  which  part  is  due  to  distortion  of  the  stationary  seal  supports. 

One  thing  impressed  me  very  much:  that  these  seals  cannot  very  easily  be  repaired  and  I believe  further  work  on 
suitable  repair  techniques  is  boing  required. 

Shaft  Seals 

Primarily  they  serve  to  retain  oil  in  bearing  packages.  It  seems  to  me  that  an  additional  objective  is  to  avoid 
contamination  of  engine  parts.  Preventing  oil  leaks  into  the  gas  paths  reduces  accumulation  of  dirt  on  profiles  and 
channel  walls  and  helps  to  reduce  corresponding  performance  deteriorations.  Oil  contamination  of  cavities  inside 
rotating  components  could  lead  to  serious  unbalances,  I got  the  impression  that  the  deterioration  of  such  shaft  seals 
in  actual  operation  seems  to  be  less  than  that  of  gas  path  seals.  They  seem  to  live  longer,  however  their  repair  is 
always  a costly  undertaking. 

Progress  seems  to  be  in  the  offing  by  incorporating  self-action  seals.  I alto  welcome  the  efforts  of  increasing  the 
tolerance  of  such  shaft  seals  against  radial  excursions,  Interesting  phenomena  like  the  migration  of  small  oil  droplets 
against  the  blockage  airflow  and  the  possible  problem  of  creating  periodic  luterul  excitation  forces  in  eccentric  seals 
might  receive  farther  attention. 

Wc  have  heard  about  clearance  measuring  techniques,  and  I believe  those  techniques  are  of  extreme  importance. 
And  we  have  heard  about  two  ways  of  measuring  running  clearances  in  operation  with  instrumented  engines  und  In 
particular  with  non-instrumented  engines.  These  techniques  will  be  of  extreme  importance  for  a while  to  come. 
Especially  since  they  allow  us  to  measure  clearance  during  the  steady  state  ut  various  power  levels,  but  also  at  extreme 
transients. 

Now  some  general  remarks  regarding  the  current  status, 

1 was  glad  to  hear  that  the  sealing  of  cooling  air  supplied  to  turbine  rotors  was  not  reported  to  be  a serious 
problem  area.  And  maybe  this  ia  due  to  the  very  systematic  studies  which  apparently  have  been  done  and  are  in 
progress  about  which  wc  have  heard  this  afternoon. 

I was  somewhat  surprised  that  aside  from  the  subject  of  balancing  axial  loads  - bearings  In  connection  with 
providing  the  concentricity  for  seals  did  not  receive  much  attention  during  the  meeting  and  if  I have  to  speculate  then 
I would  guess  that  bearing  rffects  and  wear  of  bearings  could  be  completely  shadowed  by  the  displacement  of  the 
bearing  support  structures  which  may  be  predominant  in  this  aspect. 

We  have  heard  about  problems  with  stationary  and  rotating  seals.  I always  wondered  why  ordinary  flanges  are 
not  a problem,  especially  if  1 think  that  through  flanges  compressor  discharge  air  can  leave  the  cycle  completely  and 
these  flanges  also  distort;  now  in  most  applications  probably  this  problem  Is  well  In  hand.  I am  myself  somewhat 
plagued  by  the  memory  of  problems  we  have  had  with  the  regenerative  engine  where  turbine  components  are  very 
small  compared  to  the  flangei  surrounding  the  heat-exchanger  due  to  the  dimension!  of  the  heat-exchanger  casing. 

I would  like  to  point  out  that  in  such  situations  compressor  discharge  air  can  leak  inside  the  engine  directly  to  the 


RTD-3 


exhaust  and  not  participate  in  the  cycle.  And  1 think  with  regenerative  engines  tiiat  type  cf  sealing  problem  with 
distortions  under  different  loads  and  thermal  expansions  may  also  be  an  interesting  problem  and  not  an  easy  one. 

That  much  to  the  current  status.  If  you  permit  me,  1 would  like  to  give  my  personal  outlook  on  future  work. 

And  1 am  not  thinking  of  near-term  development  but  of  some  long-term  research  subjects. 

First,  some  remarks  to  the  system  aspects.  I believe  we  need  further  refinement  of  all  clearance  measurement 
techniques  suitable  for  application  in  actual  operation.  And  1 would  like  to  see  those  applied  while  actually  putting 
the  engine  under  external  mechanical  loads. 

Second,  1 believe  parallel  to  this  we  should  make  every  effort  of  computing  and  measuring  the  deflections  under 
mechanical  and  thermal  loads  of  the  stationary  structure  and  of  the  rotating  structure  separately  and  then  join  them  to 
get  a feeling  about  the  Influences  on  relative  distances  between  those  parts,  the  required  clearances.  I think  the  objective 
of  this  type  of  effort  should  be  to  derive  reliable  development  tools  and  prediction  methods  for  those  deflections  under 
various  thermal  and  mechanical  loads.  And  third,  it  would  help  if  one  could  clear  up  the  question:  Are  bearings  and 
bearing  wear  really  unimportant  for  the  location  of  the  rotor  In  relation  to  the  stationary  supports? 

From  the  result  of  such  activities,  I hope  that  we  receive  quantitative  information  on  the  required  clearances. 

Now  some  seals  aspects.  I would  like  to  cull  one  aspect  a clearance  control.  By  that,  I mean  to  maintain  a more 
or  less  constant  gap  between  the  two  parts  under  all  loads  and  operating  conditions. 

We  have  heard  about  self-acting  seals  - one  could  think  of  displueible  clastic  or  pneumatic  supports  of  the  ' 
stationary  seal  surfaces,  1 think  a confirmation  and  extension  of  the  work  which  is  already  initiated  should  prove  to 
be  helpful.  Such  approaches  seem  to  me  quite  promising  for  shaft  seals. 

Now  I would  like  to  propose  a second  activity  which  is  still  surely  in  the  category  of  the  preliminary  brainstorming  ~ 
I would  like  to  call  that  a leakage  control.  By  that  I understand  to  maintain  flow  rates  at  a constant  level  through  gaps 
of  varying  size.  I think  in  that  sense  the  beginnings  of  the  flow  studies  (we  ltave  heard  about  them)  could  lead  further 
and  we  could  even  consider  to  take  active  counteractions  against  the  leakage  flows.  I am  thinking  of  using  bleed  flows 
to  suppress  and  control  the  leakage.  I would  as  u luyman  really  hope  that  such  approaches  could  also  be  applicable  to 
gas  path  seals. 

Now  in  concluding  my  remarks  1 would  like  to  address  myself  to  the  engine  design.  Eliminate  seals  whenever  it  is 
possible.  A seal  which  is  not  there,  does  not  cost  anything,  does  not  weigh  anything,  does  not  wear  nor  fail. 

B.Wrigley:  I would  like  to  take  one  of  Professor  Wazelt’s  points  first  of  all,  and  that  Is  the  question  of  flanges  and 
leakages  between  static  purts.  It  is  one  of  the  points  I was  going  to  bring  up  anyway.  I don’t  think  I'll  be  overestimating 
the  significance  of  the  point  If  I point  out  here  that  it  was  a crucial  factor  in  failing  to  achieve  the  performance  of  the 
KB  21 1 in  the  early  stages  of  its  development,  i.e.  prior  to  1 97 1 , and  I am  sure  we  all  recall  the  consequences  of  that. 

In  particular  it  is  important  to  pay  attention  to  scaling  in  the  vicinity  of  nozzle  guide  vane  locations,  and  one  of  the 
features  that  was  eventually  introduced  Into  the  RB  21 1 was  a concept  called  chordal  sealing,  where  the  circumferential 
flange  was  in  fact  produced  us  a series  of  chords  rather  than  a complete  circumference.  Any  rotation  that  took  place 
then  was  about  a straight  line  which  did  not  open  up  the  flange. 

During  the  conference  I have  seen  considerable  emphasis  placed  on  sealing  in  the  muin  flow  path  of  the  engine, 
particularly  compressor  and  turbine  blade  tips.  It  does  raise  the  question  whether  the  unshrouded  HP  turbine  blade 
is  the  best  solution,  and  perhaps,  coming  from  Rolls-Royce  (Derby),  I am  a little  bit  prejudiced  (in  favour  of  the 
shrouded  blade).  Nevertheless,  we  have  convinced  ourselves  I think,  at  Derby,  that  there  are  very  good  points  In 
favour  of  the  unshrouded  turbine.  The  lower  stress  levels  reduce  the  requirement  for  cooling  air  for  example.  Those 
good  points  are  worth  striving  for,  and  we  must  develop  solutions  to  reduce  overtlp  leakage. 

1 think  designers  must  also  distill  the  best  features  of  our  current  engines,  and  I refer  mainly  to  the  high  bypass 
engines.  1 think  it  is  important  to  have  short  rigid  rotor  systems  with  strong  casings.  This  may  cause  weight  penalties. 
There  is  no  doubt  that  the  three  spool  concept  adds  some  weight  to  the  engine,  but  we  have  demonstrated  that  short 
rotor  systems  minimise  carcase  deflections.  We  must  also  have  strong  casings  which  stay  round.  Engines  of  this  sort, 

I am  sure,  can  be  demonstrated  to  have  less  in-setvice  deterioration  than  the  figures  that  we  have  seen  during  the  last 
two  days.  I would  draw  your  attention  at  this  point,  to  the  graphs  that  were  shown  as  part  of  the  X-ray  lecture 
yesterday,  which  were  for  the  industrial  version  of  the  RB  21 1 , but  which  showed  quite  small  relative  excursions  of 
the  rotating  to  the  static  part. 

A theme  of  the  conference  has  been  performance  deterioration  in  service  and  the  impression  has  been  given, 
unwittingly,  that  ull  of  the  cuirent  generation  of  high  bypass  ratio  turbofans  suffer  to  the  same  extent.  This  is  not  so. 
Firstly  analysis  of  RB  21 1 flight  certification  engine  performance  shows  that  performance  is  not  lost  over  the  first  few 
flights  whereas  other  engines  suffer  about  I % irreversible  specific  fuel  consumption  deterioration.  Factors  contributing 
are: 

(a)  Small  relative  deflections  of  rotor  to  casing  in  the  HP  compressor.  In  circumstances  which  cause  the  engine 
carcase  to  bend,  e.g.  manoeuvres,  thrust  modulation  ami  heavy  landings.  The  short  axial  length  between 
bearings  which  the  3 spool  concept  provides  and  isolation  of  casings  from  structural  carcase  are  beneficial 
in  reducing  these  deflections. 

(b)  Strong  bearing  support  structures,  which  by  proximity  and  by  remaining  circular  under  carcase  deflection, 
provide  a higher  degree  of  roundness  in  critical  casings  of  the  engine. 
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Secondly,  the  situation  with  higher  in-sorvice  hours  can  be  analysed  from  the  annual  in-flight  fleet  audits  conducted 
by  one  of  the  niqjor  operators  of  the  engine,  These  data  show  that  after  4 years  of  service  the  fleet  average  deterioration 
of  the  RB  21 1 is  about  1%  specific  fuel  consumption  and  although  the  time  between  overhauls  of  the  HP  module 
containing  the  hot  section  of  the  engine,  has  been  quite  short,  sufficient  data  are  available  to  demonstrate  that  the  rate 
of  deterioration  of  this  module  is  slight. 

Factors  contributing  in  addition  to  (a)  and  (b)  ubove  are: 

(c)  Careful  attention  to  matching  the  axial  and  radial  thermal  growths,  particularly  of  the  HP  compressor  and 
the  turbines.  This  was  achieved  partly  by  design  calculation,  supported  by  extensive  transient  measurements 
of  disc  and  casing  temperatures  and  partly  by  development  action,  using  X-rays  and  other  techniques.  A 
particular  example  was  additional  mass  of  metal  in  the  vicinity  of  HP  turbine  casing  flanges,  which  has  allowed 
very  accurate  matching  of  radial  growths  throughout  the  engine  operation. 

(d)  Axial  positioning  of  bearing  and  support  structure  to  minimise  relative  radial  clearance  excursions,  from 
deflection  and  tolerance  build-up. 

(e)  Shrouded  HP  turbine  blade,  which  by  providing  seal  knives  and  perhaps  casing  the  design  problems  of  the 
overtip  shroud,  has  reduced  the  variation  of  clearance  and  the  sensitivity  to  clearance  simultaneously. 

These  RB  21 1 data  provide  in  my  opinion  an  approach  to  minimise  performance  deterioration  in  the  design  of 
future  energy  efficient  engines,  at  least  as  far  as  sealing  in  the  main  gas  path  is  concerned. 

If  I could  be  provocative  for  a moment,  1 think  that  I might  suggest  that  from  RB  21 1 and  RB  401  experience 
(the  RB  401  is  a small  business  jet-engine),  I don’t  see  a strong  case  for  active  clearance  control. 

Still  staying  with  the  main  flow  path,  a possibility  for  improving  the  effect  of  over-tip  clearance  is  to  change  the 
hub-tip  ratio  at  the  back  of  tne  HP  compressor.  It  is  interesting  to  speculate  on  this  - that  if  hub-tip  ratio  is  changed 
from  0.92  to  0.9,  we  would  estimate  that  it  might  be  worth  about  1%  efficiency  for  a given  level  of  clearance.  But 
such  a change  can  react  adversely.  In  changing  the  hub-tip  ratio  by  that  amount,  the  rotational  speed  rises  by  nearly 
30%  and  as  the  turbine  bore  is  constrained  by  shafting  within  that  bore,  the  tangential  speed  rises,  and  it  has  less 
capability  for  supporting  the  blade  and  other  purasitic  loads  that  are  applied  at  the  rim.  If  there  is  freedom  in  the 
turbine  region,  change  of  compressor  hub-tip  ratio  could  be  helpful,  If  there  isn't,  there  may  be  as  much  lost  HP 
turbine  efficiency  as  the  gain  on  the  compressor. 

David  Campbell  showed  us  that  in  the  design  of  secondary  (low  systems,  the  flows  are  quite  often  determined  by 
fixed  orifices  and  the  consequence  of  a seal  failure  is  not  necessarily  a deterioration  of  SFC,  but  one  of  loss  of  integrity 
or  reduction  in  integrity  margin. 

Nevertheless  air  is  discahrged  at  a different  point  into  the  flow  path  as  he  has  pointed  out.  That  raises  a question 
which  has  hardly  been  touched  on  during  the  conference,  that  is  the  effect  of  air  leaking  into  the  main  engine  flow  path, 
and  the  effect  that  it  has  on  component  efficiency.  This  I think,  is  a subject  that  needs  much  more  attention.  In  fact 
I would  like  to  ask  Harold  Stocker  and  David  Campbell,  who  presented  information  on  the  effect  of  leakage  on  SFC, 
whether  they  have  made  any  allowance  for  the  effect  of  the  flow  on  the  component  efficiency,  or  whether  it  was  u 
straight-forward  thermodynamic  calculation. 

We  have  had  tremendous  emphasis  put  on  cost  of  ownership.  Not  only  are  the  airlines  of  the  world  pressing  in 
this  direction,  but  we  know  that  the  Air  Forces  are  as  well.  Designers  might  well  give  attention  to  commonisation  of 
bearings  throughout  an  engine,  and  this  might  help  to  cominonise  seals  too,  which  would  allow  smaller  spares  holding 
to  be  maintained. 

I agree  with  Professor  Wazelt  with  respect  to  the  emphasis  he  put  on  better  measurement  tools.  There  is  a 
complementary  role  for  the  two  systems  that  have  been  discussed  during  this  conference.  I think  that  the  probe 
system  has  some  advantages  in  cases  where  one  may  be  doubtful  about  roundness  of  the  static  component.  It  is 
probably  easier  to  place  several  probes  at  different  points  around  the  periphery. 

Finally,  a plea  to  the  compressor  specialists  to  agree  on  the  sensitivity  factor  due  to  tip  clearance  over  annulus 
height  ratio.  We  have  seen  the  values  presented  by  Mr  Ludwig  yesterday  with  reference  to  a paper  by  Mr  Mahler 
which  were  quite  different  in  shape  from  the  ones  that  Rolls-Royce  normally  see,  and  I think  that  the  compressor 
specialists  might  take  this  up  for  discussion.  It  would  be  very  helpful  for  us  to  know  really  how  significant  this 
particular  point  is. 

AJ.B-Jackion:  Thank  you  Mr  Wrigley. 

The  Round  Table  is  now  open  to  the  floor  and  perhaps  I would  like  to  start  the  ball  rolling,  with  a question:  do 
we  think  that  seal  technology  is  keeping  up;  is  it  keeping  pace  with  the  work  that  goes  on  in  other  parts  of  the  engine? 

Has  anybody  any  comments  or  questions? 

D.C.Whltlock;  I cannot  answer  the  question  directly  but  I would  like  to  make  this  comment  with  regard  to  oil  sealing. 

Rolls-Royce's  approach  to  oil  path  sealing  is  different  to  that  of  our  American  competitors.  I suspect  that  this 
difference  is  maintained  because  none  of  us  like  to  divert  significantly  from  our  previous  experience. 

We  have,  however,  heard  from  Mr  Ludwig  and  also  Professor  Dlni  about  rig  test  worn  on  advanced  oil  seals;  work 
that  has  been  proceeding  for  several  years.  Before  such  advances  can  be  incorporated  in  production  engines,  the  engine 


manufacturers  must  accept  the  risk  of  extending  the  rig  work  into  engine  research.  They  must  weigh  the  time  and 
financial  risks  on  research  engine  programmes  against  the  possible  improvements  to  be  gained. 

Perhaps  Mr  Ludwig  could  comment  on  proposed  engine  test  work? 

L.P.Ludwig:  I would  like  to  add  the  comment  that  self-acting  seals  are  being  put  into  prototype  engines,  and  these  are 
small  diameter  types  <6.44  cm  dia).  I believe  that  there  is  a size  »ffect,  in  small  sizes  it  is  easier  to  keep  the  faces  flat. 

But  as  you  go  up  in  size,  the  flexibility  of  the  rings  starts  to  give  you  trouble.  The  largest  size  on  which  we  have  some 
operation  is  25  centimeters,  beyond  that,  keeping  ring  flatness  within  a reasonable  weight  is  becoming  very  difficult. 

And  I should  emphasize  that  keeping  the  sealing  faces  flat  is  the  • ecret  to  success  in  self-acting  seals. 

F.H.Mahler:  I think  the  question  you  have  posed  is  central  because  in  addition  to  improving  seals,  per  se,  we  are 
endeavoring  to  effectively  apply  new  sealing  techniques  in  engines  now  being  developed  and  in  the  design  of  advanced 
engines  for  higher  performance.  To  do  this,  we  will  have  to  work  hand-in-hand  with  the  aerodynamicist  to  achieve 
Improved  component  efficiencies.  Optimistic  predictions  of  better  performance  based  on  advanced  aerodynamics  may 
prove  illusory  without  the  benefit  of  an  equally  efficient  sealing  system.  We  are  in  a period  of  transition  that  in  a way 
is  similar  to  that  we  went  through  when  axial  How  machinery  was  first  adapted  for  flight,  focusing  on  clearances  as  one 
of  the  major  losses  in  the  oyerall  system. 

Seal  technology  is  advancing  rapidly,  as  the  muterial  presented  at  this  meeting  Illustrates,  attempting  to  match  the 
pace  of  engine  development  toward  fuel  economy.  To  meet  reduced  fuel  consumption  goals,  the  planners  and  managers 
of  engine  development  programs  are  learning  to  approach  sealing  in  a fundamental  sense  comparable  to  compressor  and 
turbine  aerodynamics.  Seal  specialists  are  becoming  more  involved  in  the  development  process  and  in  preliminary 
design  so  that  the  proper  seal  philosophy  is  in  the  engine  at  the  start  rather  than  as  a band-aid.  To  judge  whether  seal 
technology  is  sufficiently  mature  and  whether  the  process  of  system  integration  can  be  successfully  implemented,  is, 

1 think,  very  difficult  at  this  time. 

A.J.B.Jsckson:  1 would  like  to  endorse  your  remarks  very  much.  An  obvious  link  between  the  compressor 
aerodynumicists'  work  and  the  work  of  the  seal  engineer  is  in  the  simple  matter  of  choice  of  the  reaction  In  the 
compressor  and  turbine.  This  choice  of  reaction  cun  alter  the  end  load  very  substantially  and  therefore  the  seal 
diameters  and  therefore  the  difficulty  In  the  seal.  That  is  just  one  example.  Cun  I quote  another  one  perhaps:  the 
shrouded  und  unshrouded  turbine  tip  seal  is  another  obvious  case.  And  I certainly  feel,  as  perhaps  a man  brought  up 
more  in  the  aerodynamic  side  than  in  the  seal  side,  that  the  aerodynamics  of  seals  is  still  incredibly  old-fashioned  and 
in  its  early  stuges,  as  we  say,  relative  to  the  state-of-the-art  in  rotating  machinery.  This  is  really  why  I asked  the 
question.  1 feel  the  answer  is  that  there  is  much  further  to  go  in  the  art  of  seal  design.  We  are  still  at  an  early  stage 
compared  with  rotating  machinery  and  1 think  that  the  objective  that  we  can  go  at  - u figure  of  4%  of  specific  fuel 
consumption  has  been  mentioned  is  very  well  worth  pursuing,  und  it  is  there  to  be  uchieved  at  a much  lower  capital 
investment  than  getting  the  same  improvement  by  attention  to  the  details  of  the  rotating  machinery. 

L.P.Ludwig:  I want  to  add  just  a comment  about  the  probes  which  were  mentioned  by  Professor  Wuzclt,  I think  here 
is  something  thut  might  be  the  key  element.  We  need,  of  course,  to  find  out  what  the  transient  clearance  changes  are; 
there  we  suffer  because  of  the  lack  of  small  probes.  And  we  probably  have  only  several  people  here  in  the  UK  und 
maybe  several  in  the  USA  trying  to  develop  probes,  In  general,  probes  are  very  large  and  capacitance  probes  suffer 
because  of  thermal  drift.  So  1 think  maybe  here  is  an  area  which  we  should  really  concentrate  on.  We  need  a strong 
effort  to  develop  transient  clearance  measurement  devices  which  are  small  und  easily  put  into  an  engine.  And  prefer- 
ably an  engine  which  is  flying  and  not  one  run  just  on  a test  stand. 

H.Stocker:  1 will  try  to  combine  Mr  Jackson’s  inquiry  regarding  “has  seal  technology  kept  up  with  the  rest  of  the 
components"  somewhat  with  Brian  Wrigley’s  comment  about  losses  associated  with  seal  leakage.  I approach  this 
subject  from  the  standpoint  that  over  the  years  there  has  been  u lot  of  money  spent  on  improving  und  pushing  up  the 
level  of  demonstrated  compressor  and  turbine  efficiency.  The  performance  gains  that  may  be  possible,  beyond  the 
levels  demonstrated  in  advanced  gas  turbine  engines,  will  be  more  difficult  to  achieve  since  the  gap  between  demon- 
strated and  ideal  efficiencies  has  been  substantially  reduced  with  improved  aerodynamics.  The  performance  gains  are 
also  becoming  much  more  expensive  in  dollar  per  point  of  efficiency  gain.  And  1 just  wonder  If  the  aerodynumicists 
have  gotten  to  the  point  that  they  are  going  to  have  to  turn  their  attention  quite  strongly  to  the  question  of  how  does 
seal  leakage  keep  them  from  achieving  higher  component  efficiencies.  There  must  be  potential  turbine  blading 
efficiency  improvements  to  be  gained  when  1 look  at  the  amount  of  flow  that  enters  the  turbine  either  coming  in 
through  a cooling  circuit  mechanism  or  through  labyrinth  seal  leakage.  There  are  certainly  thermodynamic  losses  and 
momentum  losses  depending  on  how  the  flow  is  brought  back  into  the  turbine  flow  path.  And  there  are  probably 
windage  losses  of  a magnitude  we  have  yet  to  verify.  1 believe  similar  effects  in  a reverse  fashion  are  present  in  the 
compressor.  You  are  certainly  having  an  effect  on  the  downstream  aerodynamic  performance  when  you  have  leakage 
around  the  tip  and  hub  of  the  airfoils  und  create  a profile  distortion  for  the  next  compressor  stage  to  handle.  In 
discussions  with  compressor  specialists  on  the  subject  of  leakage,  I believe  that  1 could  supplement  Brian  Wrigley’s 
comment  about  the  shape  of  the  sensitivity  curve  for  the  compressor  und  add  a third  curve,  representative  of  Allison 
experience,  to  the  two  mentioned. 

In  the  turbine  regions,  I believe  the  magnitude  of  the  Identified  loss  mechanisms  have  yet  to  be  completely 
qualified  as  to  what  the  amount  and  method  of  bringing  flow  back  into  the  turbine  flow  path  really  does  to 
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performance.  I do  not  believe  that  engine  cycle  accountability  is  giving  complete  credit  or  blame  to  seal  leakage  effects 
on  performance  deterioration  within  the  gas  turbine.  There  is,  in  the  amount  of  flow  by-pussing  the  combustor,  a 
certain  amount  of  work  that  is  lost  depending  on  where  and  how  the  ilow  is  returned  to  the  gas  path.  And  certainly 
there  have  been  studies  done  - 1 know  - by  Rolls-Royce  and  also  by  Allison,  on  the  loss  effects  when  you  bring  the 
flow  back  in  to  the  turbine  flow  path.  I believe  this  is  why  you  see  some  of  the  treatment  in  the  hub  region  of  the  flow 
path.  There  has  been  an  effort  by  designers  to  get  the  flow  back  into  the  main  gas  path  with  as  little  cost  to  the  energy 
of  the  main  gas  path  as  possible.  However,  I am  not  convinced,  since  1 am  seeing  some  conflicting  magnitudes  of  results, 
that  sufficient  knowledge  is  available  on  the  penalty  of  seal  leakage  or  cooling  flow  re-entering  the  turbine  region. 

in  my  opinion,  the  area  of  sealing  technology  covers  a broad  spectrum  of  difficulties  that  still  exist  in  the  gas 
turbine  engine  and  they  certainly  have  not  been  adequately  addressed.  If  you  were  to  take  a survey  of  gas  turbine 
related  technical  publications  for  the  past  ten  years  and  compare  the  amount  of  work  dune  on  compressors,  tuibines, 
combustors,  heat  transfer,  etc.,  to  the  number  of  reports  published  on  improved  gas  turbine  sealing  technology,  1 
believe  that  you  will  get  a reasonably  clear  picture  of  the  lack  of  technology  development  in  the  gas  turbine  sealing 
urea.  Just  a casual  glance  at  any  annual  technical  publication  summary  will  also  give  you  an  indication  as  to  whether 
seal  technology  has  or  has  not  kept  up  with  the  rest  of  the  gas  turbine  component  technology  efforts. 

D.A.Campbell:  1 would  like  to  complement  H. Stocker’s  remarks  by  first  answering  a direct  question  from  the  top 
table  about  my  assumptions  in  my  paper  on  disc  sealing,  about  the  effects  on  engine  performance.  The  answer  is  that 
In  fact  the  effect  on  turbine  efficiency  of  the  flow  re-entering  the  turbine  was  neglected.  This  could  have  been  worked 
out  but  in  fact  I did  not  do  so  because  of  the  lack  of  time.  But  1 have  remarked  in  the  full  version  of  the  paper  that 
this  effect  can  be  kept  fairly  small  by  appropriate  design  of  the  Interface  with  the  annulus.  And  I suggest  a quantity  of 
about  0.3%  of  turbine  efficiency  for  each  1%  of  cooling  air. 

Now  I do  have  to  admit  that  this  is  based  on  very  few  data  and  there  Is  certainly  scope  for  obtuining  more  data 
of  this  sort  from  turbine  rig  testing. 

In  Professor  Wazelt’s  summing  up  I think  I detected  an  implication  that  I have  given  the  Impression  that  everything 
was  under  control  in  the  disc  sealing  design  area.  I did  not  mean  to  do  this.  And  in  fact  I did  outline  several  areas 
where  we  need  more  research  and  more  data  in  order  to  do  good  design  v,  jrk, 

Now  the  question  has  also  been  asked;  Do  we  think  that  seal  technology  is  as  advanced  as  the  other  technological 
aspects?  My  feeling  is  that  the  amount  of  money  spent  on  testing  and  research  in  the  seal  technology  area  is 
disproportionally  small  compared  with  the  resources  allocated  to  the  testing  of  major  aerodynamic  components. 

And  that  If  we  are  to  improve  the  performance  standard  of  engines  we  must  spend  much  more  on  seal  technology 
and  this  will  still  be  a small  amount  compared  with  what  is  spent  on  conventional  main  component  technology. 

This  also  applies  to  the  preparation  of  such  things  as  computer  applications  programmes,  where  I feel  that  we  in 
systems  design  are  starved  of  resources  compared  with  those  allocated  to  main  turbomachinery  applications. 

1 was  impressed  in  an  earlier  paper  by  a diagram  showing  the  effects  on  direct  operating  costs  of  various  parameters 
related  to  engines  and  1 was  very  impressed  by  the  smallness  of  the  effects  on  engine  weight.  I think  we  have  an  attitude 
to  engine  weight  which  comes  from  a time  of  much  lower  fuel  costs.  I think  it  is  time  now  for  us  to  reappraise  our 
attitude  to  engine  weight  and  to  see  where  we  can  add  features  to  engines  that  will  improve  sealing  performance  and 
the  reliability  and  durability  of  that  performance,  perhaps  at  the  expense  of  some  weight,  with  only  a small  offsetting 
penalty  on  operating  cost  due  to  that  weight  increase  itself. 

D.K.Hennecke:  I would  also  like  to  point  out  an  area  where  seal  technology  has  not  kept  pace  with  the  rest  of  technology 
and  that  is  the  areu  of  heut  transfer  in  seals.  The  knowledge  of  heat  transfer  to  compressor  or  turbine  casing  above  the 
rotating  blades  is  still  very  limited.  Also,  the  heat  transfer  to  the  rotating  and  static  members  of  labyrinth  seals  has  not 
been  Investigated  thoroughly.  Yet  this  has  to  be  understood  quite  well  if  one  wants  to  achieve  a good  thermal  match 
between  the  rotating  and  stationary  parts  which  is  important  us  we  have  heard  many  times  during  this  meeting.  So,  I 
would  plead  that  future  research  is  also  directed  to  the  seal  heat  transfer  problem  and  that  people  who  study  the  flow 
in  seals  also  ask  themselves  whether  they  could  extend  their  research  by  studying  the  heat  transfer  too. 

A.J.B  Jackson:  1 think  that  we  have  in  fact  covered  in  the  discussion  aii  of  the  major  points  that  have  come  out  of  the 
meeting.  And  so  if  you  think  that  there  are  no  other  comments  to  make  1 would  like  very  briefly  to  sum  up  as  1 see 
the  situation. 

First  of  all,  I think  this  has  been  a good  conference  and  it  is  really  just  the  next  step  in  the  historical  evolution  of 
the  importance  of  seals  which  was  referred  to  by  Mr  Ainley  in  his  opening  address.  We  have  had  papers  on  a number 
of  subjects  and  1 do  feel  that  having  heard  them  that  the  general  state-of-the-art  is  not  as  advanced  as  in  other  areas  in 
the  engine  particularly  the  turbomachinery.  However,  I think  there  is  one  encouraging  aspect  of  the  work  shown  at 
this  conference  which  is  that  very  clearly  at  all  times  has  the  relevance  of  the  work  to  an  engine  been  kept  in  mind. 

1 feel  that  in  some  of  the  more  esoteric  research  areas  that  we  have  had  conferences  on  that  it  has  not  been  always 
quite  so  clear  what  the  relevance  of  the  work  to  the  engine  is.  But  in  the  case  of  seals  we  have  had  at  least  three  papers 
and  many  other  comments  about  the  gains  to  be  obtained  from  improved  aeal  design.  I refer  once  again  to  the  incentive 
of  4%  of  SFC.  Four  percent  perhaps  does  not  sound  much  to  somebody  not  used  to  dealing  with  specific  fuel  consump- 
tion and  direct  operating  cost;  but  it  is  an  enormous  amount,  particularly  in  view  of  the  developing  fuel  situation  which 
has  been  referred  to,  again,  during  the  conference.  1 think  the  comments  ulso  at  the  end  by  Mr  Campbell  regarding  the 
relative  importance  of  fuel  and  weight  should  be  borne  in  mind. 
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It  nay  also  be  argued  that  this  could  be  described  as  a rather  mundane  subject  for  a scientific  contcrence.  The  fact 
that  you  are  all  here  and  the  quality  of  the  papers  has  shown  that  this  is  clearly  not  the  case  and  that  this  conference 
has  been  very  well  worthwhile  having. 

The  key  items  out  of  each  of  the  sessions  are  - in  my  view  - as  follows: 

in  the  field  of  materials  much  has  been  done  but  there  is  still  a great  deal  to  do.  The  fact  that  one  paper  on 
ceramics  was  cancelled  is  surely  a &ood  Indication  where  we  might  go  in  some  areas. 

The  question  of  the  users;  they  the  users  said  that  there  ought  to  be  more  communication.  And  I appreciate  that 
from  first  hand  experience  of  talking  to  Service  Engineers  (Field  Engineers). 

They  are  extremely  vociferous  in  thuir  views  of  the  designs  of  the  engines  which  they  have  to  maintain  in  the 
Held,  and  I would  recommend  that  each  of  you  does  talk  to  a Service  Engineer  for  about  1 G minutes  in  the  near  future 
and  get  that  input;  it  will  be  very  firm.  1 ask  the  users  however,  whether  there  is  anything  they  can  do  in  the  way  they 
use  the  engines  to  maintain  the  performance  of  seals.  We  have  seen  latterly  the  use  of  flexible  ratings  and  generally 
rather  more  care  of  the  engine  being  taken  by  the  Pilot  than  has  been,  perhaps,  sometimes  the  case  in  the  past  and  I 
feel  that  this  line  could  be  developed  further. 

Regarding  measurement  techniques,  there  can  be  no  doubt  whatever  that  this  limits  the  basic  standards  of  data, 
and  so  anything  that  can  be  done  to  improve  measurement  techniques  is  bound  to  have  a fundamental  effect  on  the 
rate  at  which  the  technology  advances. 

Regarding  laboratory  experiments,  1 was  very  encouraged  to  sec  that  there  was  a whole  session  of  six  papers  (out 
of  the  total  of  1 7 papers  actually  presented)  on  this  subject,  and  it  is  only  an  indication  of  what  is  going  on.  There  is 
clearly  other  work  going  on  and  I feel  here  that  the  1 unction  of  a Conference  such  as  this  is  to  bring  this  kind  of  work 
out  into  the  open,  and  to  help  the  communications  problem  between  seals  engineers  which  has  also  been  referred  to 
many  times  at  this  Conference. 

Regarding  design  aids,  these  papers  merely  emphasised  the  need  for  more  data  and  this  is  where  the  work  on 
experimental  tests  is  so  important. 

The  work  shown  therefore  at  this  Conference  is  only  a small  part  of  everything  that  is  going  on.  The  need  for 
more  communications  is  obvious  on  the  subject  of  seals;  there  has  in  fact  been  noted  (just  as  a result  of  this  Confeience) 
some  duplication  of  work  due  to  lack  of  communication.  Conferencer  on  this  kind  of  subject  are  all  too  rare. 

So  in  concluding  1 would  say  please  continue  the  good  work,  which  is  very  important  in  view  of  the  developing 
fuel  situation. 

Thank  you  all  very  much  indeed. 
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